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ABSTRACT 
FLUORINATED METALLO PHTHALOCYANINES FOR CHEMICAL AND 
BIOLOGICAL CATALYSIS 
The rational design of robust oxidation catalysts based on organic molecules is hindered by the 
presence of labile C-H bonds. We have shown recently that replacing all C-H bonds by a 
combination of fluoro- and perfluoro-groups in a bioinspired Cytochrome P450 model based on 
a phthalocyanine, Pc, scaffold results in a stable yet reactive oxidation catalyst. The Pc cobalt 
complex catalyzes, for example, the aerobic oxidation of thiols to disulfides, a reaction of both 
biological significance and industrial importance. 
 
 The presence of robust C-F bonds, however, renders the catalyst unsuitable for 
attachment to solid-state supports, except via van der Waals bonds or via the metal center. The 
first option is based only on weak interactions, while the second may result in the undesired 
blocking of the catalyst metal active site. Covalent links that do not interfere with the catalyst 
reactivity while maintaining its robustness are, therefore, desired. 
 
We report the grafting of mono functional groups, both basic, namely −NRR’ (R, R’ = H/CH3), 
and acidic, namely −COOH on the fluoro phthalocyanine scaffold, generating the 3rd generation 
fluorinated phthalocyanines. Fluorophthalocyanines exhibiting a ratio, ρ, of aliphatic/aromatic 
fluoro groups, ρ  1.0 constitute the 2nd generation fluorinated phthalocyanines. 
 
 
Figure 1 Structure of 2
nd
 generation F52aPcM, F40PcM (M = Zn, Co) and 3
rd
 generation, basic 
(−NH2, −NHMe, −NMe2) and acidic (−COOH) functionalized fluorinated metallo 
phthalocyanines. 
The amino functionalized complexes retain their oxidation catalytic activity both in solution, as 
well as when supported on various solid-state supports, such as silica gels. The latter materials, 
when incorporating cobalt, are efficient heterogeneous catalysts for the "green", aerobic 
oxidation of thiols to disulfides. The functional fluoro F48H7PcZn-COOH retains the parent 
complex ability to produce 
1
O2 while being able to conjugate with bio-molecules, leading to 
promising candidates for the targeted photodynamic therapy of cancer. 
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T  absolute temperature 
Z  number of chemical formula units per unit cell (in crystallography) 
 
NOTE ON NUMBERING OF CHEMICAL COMPOUNDS 
All compounds encountered in reaction schemes throughout this work have been numbered 
following the labeling format [x-y], where x stands for the chapter number they are first 
described in and y stands for the compound number in that chapter. The structure number is 
clearly marked in bold style, both in figures and text. Context permitting, compounds were also 
described by systematic chemical names. 
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CHAPTER 1 
 
INTRODUCTION TO PHTHALOCYANINES AND GENERAL 
EXPERIMENTAL METHODOLOGY 
 
 
 
 
 
 
 
 
 
 
 
 
2 
 
1.1 Introduction to Phthalocyanines 
 The discovery of phthalocyanines (Pc) occurred accidently in 1907 by Braun and 
Tscherniac, when they observed a blue solid upon heating o-cyanobenzamide.
1
 Professor 
Reginald P. Linstead of the Imperial College of Science and Technology started working on Pcs 
in 1929 with his co-workers and elucidated their structure as a tetraazabenzoporphyrin.
2 
The term 
“phthalocyanine” was coined by him to describe this new class of materials from the Greek 
words naphtha meaning “rock oil” and cyanine “dark blue”. An X-ray diffraction analysis was 
conducted later by John Monteath Robertson at the Royal Institution and Glasgow University.
3
 
Phthalic acids, phthalic anhydrides, phthalimides, phthalonitriles and diiminoisoindolines are the 
most common starting materials for Pc synthesis.
4-8
 The metallo Pc can easily be obtained by 
heating any of these starting materials with a metal salt. High boiling solvents such as n-
pentanol, 1-chloronapthalene, quinoline, DMF, nitrobenzene etc. are often used to facilitate the 
reaction.
9
 Metals of every group of the periodic table can be found at the center of the 
phthalocyanine ring, forming an N4-coordination sphere -2 charge. The starting materials for Pc 
are not found in nature and, therefore, Pcs are purely synthetic materials, while their structurally 
close analogues, the porphyrins (Por), are found in nature.
10
  
 
 
Figure 1.1 General structure of porphyrin (Por) and phthalocyanine (Pc). 
 
3 
 
 The general structure of Pc and Por skeletons are shown in Figure 1.1. Both Pc and Por 
have four coordinating nitrogens, while the extra four nitrogen atoms at the meso positions in the 
Pc make this macrocycle thermally and chemically more stable compared to Por. The four fused 
benzene rings to pyrrole provides extended conjugation in the Pc, which results in strong 
absorbance in the 600-800 nm region of the UV-Vis spectrum (Q band).
11
 The strong absorbance 
in the visible region results in the distinctive blue and/or green color of Pcs, and therefore they 
were mostly used as dyes and pigments in the paper and textile industries during the industrial 
revolution and mass production era of the early 1900s.
12
 Most of the Pc complexes obtained 
before 1940 were unsubstituted on the periphery and had low solubility in common organic 
solvents.
13
 Concentrated sulfuric acid was found to be the only solvent for their solubilization, 
which in fact cannot be used for metallo Pcs due to demetalation and or protonation of the meso 
nitrogens.
14
 Major modifications of Pc structure are possible via the change of the central metal 
atom and/or its axial coordination, change of the meso-atoms, and ring peripheral modification. 
The numbering scheme shown in Figure 1.2 is widely used to demonstrate substituents position 
on Pc.
15
  
 
Figure 1.2 General structures of phthalocyanine showing the numbering system of the available 
substitution α (non peripheral) and β (peripheral) positions. 
α 
β 
β α 
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The substituents located at positions 1, 4, 8, 11, 15, 18, 22, and 25 of the Pc ring are denoted  as 
α-substituents (α-position/non-peripheral position), while those located at positions 2, 3, 9, 10, 
16, 17, 23, and 24 are denoted as β-substituents (β-position/pheripheral position). All sixteen 
sites in Pc (8α+8β = 16 positions) were subject to an enormous number of modifications since 
the 1950s, which dramatically changed the properties of the Pcs and increased their utility in a 
myriad of applications. Pcs bearing peripheral/non-peripheral alkyl, aryl, heteroaryl, halogens, 
thiols, amines, ethers and many other groups have been the subject of an enormous number of 
papers.
16
 The size, shape, number and type of substituents have changed various phenomena of 
Pcs such as aqueous and/or organic solubility, aggregation and/or deaggregation, redox and/or 
photo properties.
17
 The functional groups surrounding the Pc periphery also offers the possibility 
of conjugation with other small molecules, macromolecules, and solid supports, which further 
expands their utility in catalytic, electronics and biological applications.
18
 Currently Pcs are 
widely used as industrial catalytic systems,
19
 photosensitizers for photodynamic therapy (PDT) 
of cancer,
20 
materials for electrophotography,
21
 ink-jet printing,
22
 semiconductors,
23
 chemical 
sensors,
24
 electrochromic devices,
25
 functional polymers and liquid crystals,
26
 nanotechnology,
27
 
non-linear optics
28
 and well know traditional applications as dyes and pigments.
29 
 
1.2 Goals of the Project 
The protio H16PcM (M = metal) type of Pcs have poor solubility in organic solvents and 
limited chemical, thermal and/or photo stability due to the presence of C-H bonds, and thus 
prevent the utilization of this class of molecules for redox and/or photo catalysis.
30
 The 
replacement of H16 with F16 (sixteen C-F bonds) creates F16PcM class of Pcs, resulting in 
excellent thermal stability and improved photostability compared to H16PcM.
31
 However, the 
presence of aromatic C-F bonds also leads to nucleophilic susceptibility as well as aggregation 
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and thus limits their use as catalysts. The replacement of eight peripheral (β-positions) C-F bonds 
with bulky aliphatic i-C3F7 groups to form the F64PcM class of Pcs, a design introduced by our 
group, results in a robust class of catalysts.
32
 The F64PcM class possesses remarkable properties, 
such as excellent thermal and chemical stability as well as solubility in common organic 
solvents, non aggregating characteristics, and have shown to been active as redox and photo 
catalysts.
33
 
The present research is primarily focused on modifying the F64PcM class of molecules to 
introduce partial aggregation by changing the ratio of aliphatic i-C3F7 groups to aromatic 
fluorines and therefore fine tune the redox and photo-catalytic activity as well as improve its 
conjugation abilities with other molecules. The conjugation ability could be achieved by 
introducing mono functional groups such as –NH2, –NRR’ (R/R’= -H, alkyl), –COOH, etc. in the 
perfluorinated phthalocyanine scaffold. The complete and/or limited number of C-H bonds 
containing Pcs are suitable to utilize the maximum advantage of introduction of i-C3F7 groups in 
Pcs. The functional groups on Pcs forms links with other functional groups, including those 
present on surfaces (eg. silica gel).  The bulky fluorinated (R’f = C3F7) groups in these molecules 
prevent aggregation in solution, also generates electron deficiency on the metal center and finally 
creates a “Teflon-type shield” for stability, which is desired in aerobic and bioinspired catalysis. 
The potential applications with the help of these novel “Fluorinated Functional Phthalocyanine” 
includes reaction with molecular oxygen to promote (i) the beneficial aerobic auto-oxidation of 
thiols using cobalt complexes (ultimately aimed to remove corrosive and foul smelling sulfur 
compounds in fuels),
34
 (ii) singlet oxygen production and photocatalytic activity for a series of 
zinc analogues. In order to achieve our goal of efficient homogeneous and, especially, 
heterogeneous catalysis, we are trying to demonstrate this system and methodology  
6 
 
 
Figure 1.3 Structure of known molecules H16PcM (a), F16PcM (b) compared with rationally 
developed and published molecules F64PcM (c) and recently introduced F40PcM (d), F52aPcM (e), 
F48PcM (f). 
 
both in solution as well as on solid support using silica gel, and functionalized silica gel (silica 
imidazole) etc. (iii) The functional group serves as a tag and could also be attached with other 
7 
 
bio-molecules, such as oligonucleotides, peptides etc. in order to generate “bio-conjugates” for 
PDT of cancer as well as to explore a wide variety of other biological applications in the future.
35
 
Efforts are currently underway to generate these kinds of target specific “bio-conjugates” (Pc-
Peptide molecules) aimed for the advanced treatment of cancer. 
1.3 Experimental Methods and Techniques 
Standard laboratory procedures were followed for the synthesis, separation and 
purification of all reported compounds. Standard techniques were used for the handling of all gas 
cylinders. Heating up to 200 °C was performed using a silicon oil bath and stirring was 
performed with magnetic teflon-coated bars inserted in the reaction flasks. Light sensitive 
materials were usually handled by covering the reaction flasks with aluminum foil. All moisture-
sensitive reactions were carried out under a nitrogen or argon atmosphere using oven-dried 
glassware with temperature kept at ~ 125-150 °C. Progress of reaction mixtures and purifications 
via column chromatography were monitored by TLC on precoated aluminum-backed silica gel 
60 F254 plates in TLC developing chambers with appropriate solvent systems. Separation of 
organic materials from the reaction mixtures was most often achieved by extraction with 
appropriate solvents. A HPLC (Waters 2695 Separation Module) system was also used for 
separation and purification of Pcs and details are given in the experimental sections of the 
appropriate chapters. Removal of solvents was performed with a Buchi R-3000 rotary 
evaporator, connected to a KNF Neuberger chemically resistant vacuum pump. Occasionally, 
traces of solvents were removed under nitrogen or argon streams. Filtration of solids was done 
with the aid of fritted glass funnel filters and Buchner flasks of various sizes, connected to an in-
house vacuum line. Purification of the materials was performed by recrystallization, sublimation 
under vacuum, celite or silica gel filtration, flash chromatography or normal phase column 
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chromatography, as stated under each experimental section. Silica gel was purchased from 
Scientific Adsorbents Inc., 63–200 μm (70–230 mesh) size, pore size 60 Å. Melting points were 
taken using capillary tubes under air in a Mel-Temp apparatus (Laboratory Devices, Cambridge, 
MA). 
1.3.1 Inert Atmosphere Techniques 
1.3.1.1 Glove Box 
Materials highly sensitive to air and/or moisture were obtained in a Vigor glove box 
(Vigor Gas Purification Technologies Co., Ltd (VG1200/750TS), Jiangsu, China) equipped with 
a purifier (adsorbents), blower, large antechamber (ID 370 mm) and mini antechamber (150 mm 
ID). The necessary vacuum was maintained using attached Edwards vacuum pump. Argon (Ultra 
pure, 99.998%) and Zero-grade nitrogen (99.99%) were purchased from AGL Welding Supply 
Co., Inc. (Clifton, NJ). The inert atmosphere inside the box continuously below 1 ppm of oxygen 
was maintained via a gas purification system and attached blower to assist the gas circulation to 
the glove box. The purifier column has capacities 60 L of O2 and 2 Kg of H2O and regeneration 
of the purifier is done automatically according to the programs preloaded to the Programmable 
Logic Controller (PLC) on the system using regeneration gas (mixture of nitrogen–hydrogen, 
95:5%). 
1.3.1.2 Schlenk Line 
Standard air and solvent removal–inert gas atmosphere techniques for air- and moisture 
sensitive synthesis were achieved using a three port glass stopcock, single-manifold Schlenk line 
(Chemglass, Vineland, NJ). The inert gas line was connected to a zero grade nitrogen tank. A 
cold trap consisting of a dewar filled with dry ice-acetone was placed between the line and the 
pump in order to protect it from solvent spillover. 
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1.3.2 Microwave Synthesis 
Synthesis using microwave radiation were performed using a CEM Discover system 
(CEM Corporation, Matthews, NC) equipped with a non-contact infrared sensor for temperature 
control. The instrument's pressure sensing device was calibrated through the supplier using a 
Cecomp Electronics digital pressure gauge. The machine was interfaced to a computer using the 
ChemDriver v. 3.6.0 Discover Application Software. Reactions were performed using the closed 
vessel method in 10 mL thick walled Pyrex glass reaction vessels sealed with Teflon septa caps 
(CEM). 
1.3.3 Infrared Spectroscopy 
Infrared spectra were obtained by averaging 25 scans on a Nicolet FT-IR 
spectrophotometer with a resolution of 2 cm
−1
, interfaced to a computer using the OMNIC 
Spectra software. The samples were prepared by evaporating in air a thin film of a 
dichloromethane solution of the compound deposited on NaCl plates or by grinding the solid 
compound to a fine powder in KBr pellets. 
1.3.4 UV-Vis Spectroscopy 
Electronic absorption spectra were collected using a HP Diode array spectrophotometer 
8425A, interfaced to computer using the Olis Global Works software and a Cary 500 UV-Vis 
NIR spectrophotometer (Model EL01044985) interfaced to computer using Varian CaryWin UV 
3.0 software. The typical scanning range was 330–800 nm with a precision of 0.2 nm. Liquid 
samples were prepared as dilute solutions of the analyte in 1.0 cm and 1.0 mm quartz cells. 
Solutions were prepared freshly on the day of absorbance measurement; all absorbances were 
corrected to zero value at 800 or 500 nm. Concentrated samples (40–400 μM) were measured in 
1.0 mm cells, while dilute samples (0.5–40 μM) were measured in 1.0 cm cells. Gradually lower 
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concentrations for determination of molar extinction coefficients were achieved by successive 
volume dilutions of an initial 50.0 mL solution. 
1.3.5 NMR Spectroscopy 
FT NMR spectra were obtained at ambient temperature on Varian Inova 500 and/ or 400 
MHz instruments (
1
H, 500 MHz; 
13
C, 125.7 MHz; 
19
F, 470.3/376.3 MHz). 
13
C and 
19
F spectra 
were acquired with proton decoupling, unless otherwise stated. Assignment of all chemical shifts 
was based on the 1D spectral data. Chemical shifts (δ) for 1H spectra are reported in ppm relative 
to the residual proton signals from the deuterated solvents
36
 (CDCl3 δ = 7.26; (CD3)2CO δ = 
2.05). 
19
F chemical shifts were referenced to an internal CFCl3 (δ = 0.00) standard. 
13
C chemical 
shifts are reported vs. the residual carbon peak of the solvent
36
 (CDCl3 δ = 77.16, (CD3)2CO δ = 
29.84). Spectral data were processed by phase optimization, baseline correction and 
occasionally, resolution enhancement using the ACD/NMR Processor software.
37
 The 5 mm 
glass NMR sample tubes and the calibration standards were purchased from Wilmad Labglass 
(Vineland, NJ) and the deuterated solvents were acquired from Cambridge Isotope Laboratories 
(Andover, MA) and Sigma-Aldrich (Saint Louis, MO). Once opened, the solvents were stored 
over 4 Å molecular sieves. 
1.3.6 Mass Spectroscopy 
Low resolution mass spectra (MS) and high resolution mass spectra (HRMS) were 
acquired at the University of Michigan (Ann Arbor, MI) using electron impact at 70 eV on a VG 
Micromass 70-250-S magnetic sector spectrometer or atmospheric pressure chemical ionization 
in either positive/negative mode or atmospheric pressure chemical ionization on a Micromass 
LCT time-of-flight spectrometer and occasionally at Rutgers University (Newark campus). 
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1.3.7 X-ray Crystallography 
Single crystals suitable for X-ray diffraction were grown by slow evaporation of 
solutions, either at room temperature or in an explosion proof refrigerator. In some cases, 
crystals were obtained by sublimation in a sealed vial. Crystals isolated from the supernatant 
liquid were mounted on a thin loop. Data collection was carried out at the Chemistry Department 
of Rutgers University (Newark, NJ) on a Bruker Smart Apex CCD diffractometer using Cu Kα 
(1.54178 Å) radiation and equipped with a variable temperature nitrogen cold stream. In 
exceptional cases when crystals proved too small for a conventional instrument, diffraction was 
carried out using synchrotron radiation at the Advanced Photon Source, Argonne National 
Laboratory (Argonne, IL). Data were collected at 100(±2) K, unless otherwise stated. Absorption 
corrections were applied using the program SADABS.
38
 The structures were solved using direct 
methods and refined using full-matrix least-squares on F
2
. Nonhydrogen atoms were refined 
anisotropically, while H atoms were placed at calculated positions and were refined using a 
riding model. Computations were carried out using the SHELXTL package.
39
 Structures of 
single molecules were visualized as ORTEP representations, with the thermal ellipsoids set at 35 
to 50% probability. Packing diagrams and all other structural representations were obtained with 
the Mercury suite.
40
 Searches of the Cambridge Structural Database were performed with the aid 
of the ConQuest software.
41
 
1.3.8 Catalytic Oxidations and Photooxidations 
 A custom made catalytic apparatus was used to conduct thiol oxidation and 
photooxidation reactions of citronellol. The details of the reaction conditions and parameters are 
provided in the experimental sections of Chapter 5 and 6. The light source shown in diagram was 
only used for illustrative purposes and was not an integral part of the custom made system, and 
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used only for photooxidation reactions. Dosimat (no. 4) was connected to a computer for 
automatic data collection. The three-way tap (no. 6) regulated the gas in-flow to fill the Dosimat 
first and then turned towards the condenser to flow gas through the reaction vessel. The gas inlet 
(no. 1) was connected via gas tight tubing to an external gas cylinder. The water circulating bath 
was used to maintain constant temperature during the reaction and the connections made with 
plastic tubing (water inlet no. 2). The magnetic stirrer (no. 9) was placed on a jack to facilitate 
the handling of the reaction vessel (no. 10). 
 
Figure 1.4 Components of the catalytic oxidation equipment. (1) Gas inlet; (2) thermostated 
water inlet; (3) connected to computer for data collection (4) Dosimat; (5) oxygen reservoir; (6) 
three-way tap; (7) electrical couple for Dosimat dispenser control; (8) mercury switch; (9) 
magnetic stirrer; (10) 100 mL double-walled glass reaction vessel; (11) solution inlet; (12) light 
source. (Image courtesy of Hemantbhai Patel) 
 
1.3.9 Solvents and Reagents 
All solvents and reagents used in this work were purchased through VWR (Randor, PA) 
(List of chemical companies includes Alfa Aesar (Ward Hill MA), Fisher Scientific (Pittsburgh, 
PA), Sigma-Aldrich (Saint Louis, MO), TCI Co. Ltd. America (Portland, OR) etc.). Parts of the 
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inorganic reagents were purchased from Strem Chemicals (Newburyport, MA). Solvents 
employed were ACS grade, THF (99+ %, stabilized with 250 ppm BHT), Ethanol (200 proof). 
DMF and Acetonitrile were distilled from P2O5, CaH2 respectively prior to use for anhydrous 
reactions. All other solvents were used as received. Sodium trifluoroacetate, cesium fluoride, 
copper(I) iodide, sodium borohydride, silver(I) nitrate and silver(I) trifluoromethanesulfonate 
were dried under vacuum for 2 days over P2O5 at 100 °C prior to use and then stored in a 
desiccator. All other reagents purchased from commercial sources were used as received. 
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FLUORINATED PHTHALOCYANINE BUILDING BLOCKS 
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2.1 Introduction 
 Molecules containing carbon fluorine bonds (aromatic/aliphatic) have substantially 
different properties in comparison to their hydrocarbon based parent molecules.
1-2
 These 
differences are mainly due to the high electronegativity of fluorine, its low polarizability, and the 
high bond dissociation energy of C-F bonds. The degree of fluorine substitution dramatically 
changes the fundamental properties of molecules, for example their solubility, acidity, basicity, 
hydrogen-bonding, lipophilicity, thermal stability, steric effects, susceptibility towards various 
nucleophiles, electrophiles and radicals.
3-5
 The isosteric replacement of the H atom and OH 
groups by F or that of the C=O group by CF2 can be performed due to the intermediated C-F 
bond distance between C-H/C-O bonds. This substitution is the basis for the increased utility of 
fluorine substitution in many approved drugs exhibiting enhanced metabolic stability.
6,7
 The 
application of fluorine rich molecules is ranging from high performance materials, polymers, 
catalysts, agrochemicals, electronics and medicine and is increasing at a rapid pace.
1,2,5-7
 
 Several strategies have already been developed for introducing fluoroalkyl groups in 
aromatic/aliphatic systems but they are different from strategies for introducing fluorine atoms. 
The later includes direct electrophilic fluorination by replacing hydrogen attached to sp
2
/sp
3
 
carbon centers using fluorinating agents (N2 diluted F2 gas, low temp.), electrochemical 
fluorination, nucleophilic fluorination with a wide varieties of fluorinating reagents.
8-12
 In this 
work, small fluorinated building blocks are used as starting materials to form fluorinated 
complexes with mixed carbon fluorine bonds (aromatic/aliphatic C-F bonds). There are many 
small polyfluoroarenes building blocks available commercially such as hexafluorobenzene, 
pentafluorobenzaldehyde, tetrafluorophthalonitrile etc., which can undergo a number of 
transformations and generate a wide variety of substituted fluorinated building blocks.
13-15
 Larger 
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fluorinated and perfluorinated systems can be formed readily with the use of small fluorinated, 
perfluorinated, substituted or functional groups containing fluorinated building blocks. The 
invention and widespread use of Teflon is a fascinating example of an aliphatic C-F bond 
containing polymer obtained by using a small, tetrafluoroethylene as a monomer.
16
 The 
properties of large groups of macrocyclic compounds, including porphyrins, phthalocyanines, 
corrins and corroles were tuned by using small fluorinated and perfluorinated building blocks to 
synthesize their fluorinated counterparts.
17
 There are many examples and transformations 
reported in the literature and practiced industrially to form fluorinated/perfluorinated 
macrocycles using small fluorinated building blocks.
2,18
 These routes are adopted because it is 
synthetically much more feasible to modify small fluorinated building blocks and to incorporate 
systematic amounts of aliphatic/aromatic C-F bonds or fluorinated substituents (–CF3, –OCF3, –
(CF3)3, –CF(CF3)2, –C6F5, –CF2COOH, etc.) in a large system rather than the selective 
introduction of fluorines in large molecules. 
 Several substitution reactions of small polyfluoroarenes were investigated systematically 
by Chambers, Birchall, Haszeldine and co-workers.
14,15,19
 These molecules were used as  
building blocks for large fluorinated complexes. The bulky, perfluoroisopropyl (–C3F7) 
substituted fluorinated phthalonitriles were reported by our group using CsF and 
hexafluoropropene gas as reactants and tetrafluorophthalonitrile (TFPN) as a starting material 
(Figure 2.1).
20
 The mixture of 4,5 and 3,6 disubstituted; 3,5,6 trisubstituted products were 
formed via nucleophilic substitution reactions of the in situ generated perfluoroisopropyl 
carbanion. 
 This chapter describes the synthetic procedures for preparing fluorinated and basic/acidic 
functional group substituted small fluorinated phthalonitriles, which can be used to form large 
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complex fluorinated systems. Literature procedures were followed and, in a few systems, routes 
were modified to increase the yields of reactions.  
Molecular characterizations for phthalonitriles, [2-6]-[2-11], were performed by 
1
H, 
19
F 
NMR, IR, and High resolution mass spectroscopy. Crystal structures were obtained by single-
crystal X-ray diffraction, allowing the elucidation of molecular structures and packing patterns.  
 
Figure 2.1 Synthetic schemes for preparing small, fluorinated building blocks [2-3]-[2-11]. 
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2.2 Experimental Section 
2.2.1 General Experimental 
All solvents (ACS grade or better) and reagents were purchased from commercial sources 
and used as received, unless stated otherwise. Cesium fluoride was dried in vacuo for 2 days over 
P2O5 at 100 °C prior to use. Acetonitrile used for the synthesis of perfluorinated phthalonitrile 
precursors was freshly distilled from calcium hydride before use. The fluorinated precursor 
tetrafluorophthalonitrile, [2-1] was purchased from TCI Co., Ltd., Perfluoro-(4,5-
diisopropyl)phthalonitrile was prepared as described in the literature.
20
 The fluorinated 
functional precursors 4-amino-3,5,6-trifluorophthalonitrile, 2-(3,4-dicyano-2,5,6-
trifluorophenyl)diethylmalonate, 2-(3,4-dicyano-2,5,6-trifluorophenyl)acetic acid were prepared 
according to standard literature procedures.
15,21 
Deuterated solvents were purchased from 
Cambridge Isotope Laboratories. Chromatographic separations were carried out on silica gel 60 
(63–200 μm). Thin-layer chromatography was performed on pre-coated aluminum-backed silica 
gel 60 F254 plates. 
1
H and 
19
F NMR spectra were obtained at ambient temperature on Varian 
Inova 500/400 MHz instruments. 
1
H chemical shifts are reported in ppm and referenced to 
standard deuterated solvent signals. 
19
F chemical shifts are reported in ppm relative to the 
internal CFCl3 (δ = 0.00) standard. The NMR spectral data were processed with the ACD 
labs/NMR Processor software. Infrared spectra were obtained on a Nicolet 4700 FT-IR 
(ThermoElectron Co.) spectrometer coupled with OMNIC software (driver version: 7.1). The 
samples for infrared spectroscopy were prepared by evaporating in air a thin film of a 
dichloromethane solution of the compound deposited on NaCl plates or via KBr pellets. 
Electronic absorption spectra were collected with a HP Diode array spectrophotometer 8425A. 
High-resolution mass spectra (HRMS) were acquired at the University of Michigan (Ann Arbor, 
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MI) by electrospray ionization in the positive mode (ESI+), negative mode (ESI-) or atmospheric 
pressure chemical ionization in the negative mode (APCI-). Melting points were taken using 
capillary tubes in air with a Mel-Temp apparatus and are uncorrected. 
2.2.2 Synthesis and Characterization of 4-amino-3,5,6-trifluorophthalonitrile (NH2F3PN), 
[2-6] 
 
Tetrafluorophthalonitrile (TFPN) [2-1] (3.01 g, 15 mmol) was dissolved in 25 ml of 1,4-dioxane 
in a round bottom flask. To this, a 28% aq. solution of ammonium hydroxide (3.1 mL, 45 mmol) 
in 1,4 dioxane (10 mL) was added slowly and the reaction mixture was refluxed for 2 h. The 
reaction mixture was cooled and poured onto crushed ice. The precipitate was collected, dried in 
a desiccator and recrystallized from aqueous ethanol to yield crystals of NH2F3PN [2-6] (2.40 g, 
81% yield). Mp: 179-180 
o
C. 
1
H NMR (500 MHz, (CD3)2CO): δ [ppm] = 6.73 (s, 2H); 
19
F NMR 
(470 MHz, (CD3)2CO) δ [ppm] = -126.91 (dd, J=19.79, 6.60 Hz, 1F), -133.91 (dd, J=19.80, 6.59 
Hz, 1F), -147.05 (t, J=19.80 Hz, 1F); IR (KBr) 3430, 3337, 3231, 2235, 1643, 1615, 1532, 1501, 
1421, 1317, 1159, 913, 666; EI+ (70 eV): calculated for C8H2F3N3 [M
+
],197.0201, found 
197.0206 
2.2.3 Synthesis and Characterization of 3,4,6-trifluoro-5-(methylamino)phthalonitrile 
(NHMeF3PN), [2-7] and 4-(dimethylamino)-3,5,6-trifluorophthalonitrile (NMe2F3PN), [2-8] 
 
4-amino-3,5,6,-trifluorophthalonitrile [2-6] (0.1 g, 0.51 mmol), anhydrous K2CO3 (0.14 g, 1.02 
mmol) were mixed with 5 mL of dry DMF in a round bottom flask. Methyl iodide (0.14 g, 1.02 
mmol) was added next and the reaction mixture was stirred at room temperature under nitrogen 
atmosphere for 24 h. The crude product was purified by column chromatography on silica gel 
using hexane/ethyl acetate 95:5 to 80:20 mixtures [v/v]. The title NHMeF3PN [2-7] was isolated 
as a white solid (0.03 g, 28% yield) and NMe2F3PN [2-8] as a solid (0.008 g, 7% yield).  
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NHMeF3PN [2-7] Mp: 119-121 
o
C; 
1
H NMR (500 MHz, (CD3)2CO): δ [ppm] = 3.22 (m, 3H), 
5.79 (s, 1H); 
19
F NMR (470 MHz, (CD3)2CO) δ [ppm] = -126.15 (d, J=21.40 Hz, 1F), -133.84 
(dd, J=18.15, 6.60 Hz, 1F), -148.30 (t, J=21.40 Hz, 1F); IR (KBr) 3362, 2241, 1620, 1551, 1496, 
1403, 1301, 1191, 1097, 944, 901, 798; EI+ (70 eV): calculated for C9H4F3N3 [M-H]
+
, 210.0279, 
found 210.0281. 
NMe2F3PN [2-8] Mp: 70-72 
o
C; 
1
H NMR (500 MHz, (CD3)2CO): δ [ppm] = 3.22 (t, J=2.9 Hz, 
3H); 
19
F NMR (470 MHz, (CD3)2CO) δ [ppm] = -116.06 (d, J=16.50 Hz 1F), -132.54 (dd, 
J=18.14, 6.60 Hz 1F), -136.99 (m, 1F); IR (KBr): 3364, 2942, 2237, 1615, 1534, 1481, 1437, 
1416, 1312, 1254, 1221, 1119, 1089, 977, 948; EI+ (70 eV): calculated for C10H6F3N3 [M-H]
+
, 
224.0436, found 224.0441 
2.2.3.1 Alternative synthetic procedure for 3,4,6-trifluoro-5-(methylamino)phthalonitrile 
(NHMeF3PN), [2-7] 
Tetrafluorophthalonitrile [2-1] (0.5 g, 2.5 mmol) was dissolved in 1,4-dioxane (4 mL) in a round 
bottom flask. To the reaction mixture methylamine (0.3 mL, 40% aq.) was added and the 
solution was diluted with 1,4 dioxane (1 mL). The mixture was stirred at room temperature for 
18 h. The reaction mixture was then cooled and poured onto crushed ice. The precipitate was 
collected, washed with cold water and dried. The crude product was purified by column 
chromatography on silica gel using 9:1 v/v hexane/ethyl acetate. NHMeF3PN was isolated as a 
white solid (0.38 g, 72% yield). The spectroscopic data were identical to mentioned NHMeF3PN 
[2-7] data in section 2.2.3.  
2.2.3.2 Alternative synthetic procedure for 4-(dimethylamino)-3,5,6-trifluorophthalonitrile 
(NMe2F3PN), [2-8] 
 
Tetrafluorophthalonitrile [2-1] (0.5 g, 2.5 mmol) was dissolved in 1,4 dioxane (4 mL) in a round 
bottom flask. To the reaction mixture dimethylamine (0.5 mL, 40% aq.) was added and the 
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solution was diluted with 1,4 dioxane (1 mL).The mixture was stirred at room temperature for 18 
h. The reaction mixture was then cooled and poured onto crushed ice. The precipitate was 
collected, washed with cold water and dried. The crude product was purified by column 
chromatography on silica gel using 9:1 v/v hexane/ethyl acetate. NMe2F3PN was isolated as a 
solid (0.43 g, 76% yield). The spectroscopic data were identical to the mentioned NMe2F3PN [2-
8] data in section 2.2.3 
2.2.4 Synthesis and Characterization of 3,5-difluoro-4,6-bis(methylamino)phthalonitrile 
((NHMe)2F2PN), [2-9] 
 
Tetrafluorophthalonitrile (1.0 g, 5 mmol) [2-1] was dissolved in 1,4-dioxane (10 mL) in round 
bottom flask. To the reaction mixture methylamine (1 mL, 40% aq.) was added and the solution 
was diluted with 1,4 dioxane (2 mL). The reaction mixture was refluxed for 1 h., cooled, and 
poured onto crushed ice. The precipitate was collected, washed with cold water and dried in 
vacuo. The crude product was purified by column chromatography on silica gel using 9:1 v/v 
hexane/ethyl acetate. NHMeF3PN [2-7] was isolated as a solid (0.08 g, 8% yield) and 
(NHMe)2F2PN [2-9]was isolated as a solid (0.99 g, 81% yield). 
(NHMe)2F2PN [2-9] Mp: 180-182 
o
C; 
1
H NMR (500 MHz, (CD3)2CO) δ [ppm] = 3.09-3.16 (m, 
3H) 3.20 (dd, J=5.25, 1.59 Hz, 3H) 3.72 (s, 1H) 5.60-5.80 (m, 1H); 
19
F NMR (470 MHz, 
(CD3)2CO) δ [ppm] = -134.50 (d, J=14.85 Hz, 1F), -145.02 (d, J=13.20 Hz, 1F); IR (NaCl plate) 
3378, 2969, 2212, 1626, 1556, 1530, 1411, 1283, 1174, 1049, 926, 720 cm
−1
; ES-API (negative): 
calculated for C10H18F2N4 [M-H]
+
, 221.06, found 220.80 
2.2.5 Synthesis and Characterization of 2-(3,4-dicyano-2,5,6-trifluorophenyl)diethyl-
malonate ((COOEt)2F3PN), [2-10] 
 
3,4,5,6-tetrafluorophthalonitrile [2-1] (1.0 g, 5 mmol), diethyl malonate (0.8 g, 5 mmol) and 
potassium carbonate (0.83 g, 6 mmol) were mixed with  dimethylformamide (5.0 mL) in a round 
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bottom flask and heated at 60 °C for 6 h under a nitrogen atmosphere. The reaction mixture was 
cooled and filtered. Hydrochloric acid (1.0 N) was added to neutralize the filtrate and then the 
filtrate was extracted with ethyl acetate. The extract was washed with water, dried and 
concentrated in vacuum; 1.44 g (84% yield) of (COOEt)2F3PN [2-10] crystals were obtained. 
1
H 
NMR (500 MHz, (CD3)2CO) δ [ppm] = 1.26 (t, J=7.11 Hz, 6H) 4.27 (qd, J=6.99, 2.11 Hz, 4H) 
5.41 (s, 1H); ); 
19
F NMR (470 MHz, (CD3)2CO) δ [ppm] = -105.58 - -105.43 (m, 1F), -120.75 
(dd, J=19.79, 6.60 Hz, 1F), -130.99 - -130.81 (m, 1F); IR (NaCl plate) 2989, 2246, 1744, 1631, 
1484, 1391, 1371, 1304, 1259, 1179, 1160, 1112, 1022, 965, 861 cm
−1
; HRMS (ESI-): m/z 
calculated for C15H11F3N2O4 [M-H]
-
, 339.0598, found 339.0596 
2.2.6 Synthesis and Characterization of 2-(3,4-dicyano-2,5,6-trifluorophenyl)acetic acid 
((COOH)CH2F3PN), [2-11] 
 
2-(3,4-dicyano-2,5,6-trifluorophenyl)diethylmalonate [2-10] (0.5 g, 1.5 mmol), a 37% conc. 
hydrochloric acid (0.7 g), and glacial acetic acid (0.6 mL) were mixed and heated under stirring 
in a round bottom flask at 103 °C for 3 hours. The reaction mixture was cooled and water was 
added (~ 10-15 mL) and filtered. The obtained crystalline product was washed with water, and 
dried under reduced pressure; 0.3 g (82% yield) of (COOH)CH2F3PN [2-11]. 
1
H NMR (500 
MHz, (CD3)2CO) δ [ppm] = 4.03 (s, 2H); 
19
F NMR (400 MHz, (CD3)2CO) δ [ppm] = -107.89 (t, 
J=11.50 Hz, 1F), -123.52 (dd, J=21.45, 9.90 Hz, 1F), -131.91 - -131.79 (m, 1F); IR (NaCl plate) 
2985, 2244, 1725, 1629, 1485, 1471, 1392, 1301, 1203, 1126, 1085, 989, 901, 769 cm
−1
; HRMS 
(EI+): m/z calculated for C10H3F3N2O2 [M
+
], 240.0147, found 240.0145 
 
2.3 Results and Discussion 
2.3.1 Synthesis 
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 Tetrafluorophthalonitrile (TFPN) is the sole starting material for all the small fluorinated 
building blocks presented in this chapter. There are several routes for the preparation of TFPN; 
the commercial synthesis uses tetrachlorophthalonitrile and an excess of anhydrous potassium 
fluoride at elevated temperature in a polar aprotic solvent such as N-Methyl-2-pyrrolidone 
(NMP).
21
 The commercially available TFPN was purchased to synthesize the bulky iso-
perfluoropropyl (i-C3F7) substituted fluorinated phthalonitrile [2-3], [2-4] and [2-5]. A literature 
procedure was followed to separate all (i-C3F7) substituted phthalonitriles.
20
 The cyano groups of 
TFPN have a powerful activating influence, enhancing the rate of the nucleophilic substitution 
reactions at the para positions. No loss of the CN groups was noticed during all nucleophilic 
substitution reactions discussed in this chapter. The carbon atoms para to cyano groups (4 
carbon atom) are highly electron deficient; nucleophilic attack at 4/5 positions occurs due to the 
stabilizing effect of carbanion through canonical forms (I), which is indeed more favorable 
compared to (II)/(III). The canonical forms (II)/(III) have a carbanion destabilizing repulsion, 
therefore nucleophilic attack favours 4/5 positions over the 3/6 positions of TFPN (Figure 2.2). 
 
Figure 2.2 IUPAC numbering of phthalonitrile and an intermediate transition states of TFPN on 
nucleophilic substitution reaction. (Z = incoming nucleophile, eg. –NH2, –NHMe, –NMe2,...) 
 
 The molecule NH2F3PN [2-6] was obtained in high yield (~ 81%) by the reaction of 
TFPN with aq. ammonium hydroxide solution under reflux ~1-2 h. The obtained solid product 
was purified by crystallization using ethanol as a solvent. The amino functionality of compound 
[2-6] was further alkylated with methyl iodide, using K2CO3 as a base which formed mono, as 
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well as dialkylated amino groups containing NHMeF3PN [2-7] and NMe2F3PN [2-8], 
respectively. The starting material was left unreacted and column chromatographic purification 
was required to separate the products. Both products [2-7] and [2-8] were separated easily by 
column chromatography due to their polarity difference. The molecules [2-8] can also be 
obtained by refluxing TFPN in DMF (~ 3 h) in good yield (72 %), but during the reaction carbon 
monoxide evolution occurs due to decomposition of DMF.
15
 Therefore the route using DMF as a 
solvent was not attempted here to isolate [2-8] exclusively from TFPN. In order to improve the 
yield of [2-7] and [2-8], direct nucleophilic substitution reactions with the use of aqueous methyl 
amine and aqueous dimethyl amine were attempted. It was found that excess amounts of these 
nucleophiles form mono and disubstituted products under reflux as well as at ambient 
temperatures. The disubstituted product [2-9] was isolated during the reaction of aqueous methyl 
amine solution with TFPN and characterized. It was found that the substitution at both 4 and 4,6 
positions occurred. The second reactive position on TFPN was the ortho carbon next to first 
cyano group, as anticipated. The dilute solution of nucleophile was treated with TFPN under 
ambient temperature, which yielded the mono substituted [2-7] and [2-8] products depending on 
the choice of nucleophile. The unreacted starting material [2-1] was found to be less than 20%. 
 
Figure 2.3 Synthesis of methylamine and dimethylamine substituted phthalonitrile, [2-7] and [2-
8], respectively. 
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 A literature procedure was followed with different crystallizing solvents for the synthesis 
of [2-10] and [2-11] building blocks.
21
 The TFPN was reacted with diethyl malonate in the 
presence of basic K2CO3, which generates a carbanion on the –CH2 carbon of diethyl malonate, 
which attacks at the 4/5 position of TFPN carbon atom replacing the F atom in anhydrous DMF 
under reflux, to yield (COOEt)2F3PN [2-10] as the sole product. The product was purified by 
crystallization using ethyl acetate and obtained in good (84%) yield. The carboxylic acid group 
on the functionalized fluorinated phthalonitrile (COOH)CH2F3PN [2-11] was obtained by 
selective acidic hydrolysis of the mono ester group of [2-10] in the presence of HCl and acetic 
acid under reflux. The solid product was crystallized using toluene and obtained in 82% yield 
without further purification. The TFPN was found to be very versatile, yielding a range of 
substituted fluorinated building blocks, shown here [2-3]-[2-11]. 
2.3.2 Spectroscopy 
The fluorinated building blocks were characterized using 
1
H, 
19
F NMR, IR and high 
resolution mass spectroscopic techniques. Deuterated acetone was used for NMR experiments 
and all the reported chemical shifts used here are referenced to it. The NMR signal of the 
primary amine protons of NH2F3PN appears at 6.73 δ ppm, while the secondary amine proton of 
NHMeF3PN appears at 5.79 δ ppm. The difference of Δδ = 0.94 ppm was observed for the 
primary NH2F3PN precursor as compared to secondary NHMeF3PN due to electron deficiency of 
the ring. The observed −0.94 δ ppm upfield shift of secondary NHMeF3PN, as compared to 
primary NH2F3PN, is due to the electron donating effects of the methyl group. The chemical shift 
of methyl protons in both mono methylated NHMeF3PN and the bis methylated NMe2F3PN 
precursors appear at 3.22 δ ppm, because in both cases they are attached to the same neighboring 
nitrogen atom and have similar bonding connectivity. 
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 The 
19
F chemical shift of the fluorinated building blocks in deuterated acetone are shown 
in Table 2.1. The starting material TFPN has four aromatic fluorines, which due to symmetry 
show two sets of fluorine peaks at −128.10 (F3/F6) and −143.22 δ ppm (F4/F5). The introduction 
of small functional groups at the 4 position breaks the symmetry and all three fluorines show 
distinct peaks in compounds [2-6]-[2-8], [2-10] and [2-11]. The introduction of the –NMe2 group 
shifts the F3 and F5 peaks position in [2-8], the differences of Δδ = ~10 ppm upfield were noted 
in comparison with [2-6], [2-7]. The 4,6 –NHMe disubstituted compound [2-9], shows two 
fluorines peaks, F3 and F5 at −134.50 and −145.02 δ ppm respectively. The F3, F5 peaks in [2-9] 
shows doublet splitting with strong meta coupling, the coupling constants being J=14.85 and 
J=13.20 Hz, respectively. 
Table 2.1 
19
F NMR chemical shifts of fluorinated building blocks (Acetone-D6, 470 MHz) 
Compound No. F3 (δ ppm) F6 (δ ppm) F5 (δ ppm) 
TFPN [2-1] -128.10 (F3/F6) - -143.22 (F4/F5) 
NH2F3PN  [2-6] -126.91 -133.91 -147.05 
NHMeF3PN  [2-7] -126.15 -133.82 -148.30 
NMe2F3PN  [2-8] -116.06 -132.54 -136.99 
(NHMe)2F2PN [2-9] -134.50 (F3) - -145.02 (F5) 
(COOEt)2F3PN [2-10] -105.49 -120.75 -130.89 
(COOH)CH2F3PN [2-11] -107.89 -123.52 -131.84 
  
A small difference in three fluorines (F3, F5, F6) peaks position was observed, when diester [2-
10] and carboxylic acid substituted [2-11] molecules are compared. The one carbon unit spacer 
between these functional groups and the fluorinated phthalonitrile ring play a role in the small 
shifts observed for the three fluorines in [2-10] and [2-11] as shown in Table 2.1. Also all the 
three aromatic fluorine chemical shifts in [2-10] and [2-11] are found to be in the upfield region 
when compared to the fluorine chemical shifts in [2-6]-[2-8] (Table 2.1). 
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 Infrared spectroscopy was used to detect the signature bands of functional groups in the 
fluorinated building blocks. The nitrile stretching band usually appears in the 2260 – 2220 cm-1 
region. The characteristic nitrile stretching of fluorinated phthalonitriles are in that range, Table 
2.2. The amino derived fluorinated phthalonitrile –NH stretching frequencies appear at 3337 and 
3362 cm
-1
 for [2-6] and [2-7], respectively. The carbonyl stretching of the ester groups of [2-10] 
and in acidic groups of [2-11] appear at 1744 and 1725 cm
-1
, respectively. 
Table 2.2 The IR stretching band of functional groups in fluorinated building blocks 
Compound No. -CN stretch (cm
-1
) -NH stretch (cm
-1
) C=O stretch (cm
-1
) 
NH2F3PN [2-6] 2235 3337  
NHMeF3PN [2-7] 2241 3362  
NMe2F3PN [2-8] 2237   
(NHMe)2F2PN [2-9] 2212 3378  
(COOEt)2F3PN [2-10] 2246  1744 
(COOH)CH2F3PN [2-11] 2244  1725 
 
 The molecular mass of fluorinated building blocks [2-6] to [2-8], [2-10] and [2-11] were 
confirmed by high resolution mass spectrometry (HRMS). The compound [2-9] was confirmed 
by mass spectrometry. The electron spray ionization +ve/-ve mode techniques were used to 
identify molecular mass of the fluorinated building blocks. The Table 2.3 below represents the 
techniques, molecular formula, molecular mass and observed vs. calculated mass of all 
compounds. 
Table 2.3 The mass spectrometry data of fluorinated building blocks 
Compound No. Mol. Formula Mol. Wt. Technique Obs. Calc. 
NH2F3PN [2-6] C8H2F3N3 197.1168 EI+ (M
+
) 197.0206 197.0201 
NHMeF3PN [2-7] C9H4F3N3 211.1434 EI+ (M-H)
+
 210.0281 210.0279 
NMe2F3PN [2-8] C10H6F3N3 225.1699 EI+ (M-H)
+
 224.0441 224.0436 
(NHMe)2F2PN [2-9] C10H8F2N4 222.1941 ESI- [M-H]
-
 220.80 221.06 
(COOEt)2F3PN [2-10] C15H11F3N2O4 340.2540 ESI- [M-H]
-
 339.0596 339.0598 
(COOH)CH2F3PN [2-11] C10H3F3N2O2 240.1382 EI+ [M
+
] 240.0145 240.0147 
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 The full spectroscopic characterization of fluorinated building blocks is presented in this 
chapter. The 
1
H, 
19
F NMR spectra of fluorinated building blocks [2-6] to [2-11] are presented in 
Figures A.1 to A.12. The IR spectra of fluorinated building blocks [2-6] to [2-11] are presented 
in Figures B.1 to B.6. The high resolution mass spectra of fluorinated building blocks [2-6] to [2-
11] are presented in Figures C.1 to C.6. 
2.3.3 Molecular Crystal Structures and Solid-State Packing 
 Suitable X-ray quality single crystals of fluorinated small building blocks [2-6]-[2-11] 
were obtained and X-ray crystallography studies are reported in the next sections. None of the 
crystal structures had been reported in the literature yet, although their synthetic procedures were 
reported.
15,21
 
2.3.3.1 4-amino-3,5,6-trifluorophthalonitrile (NH2F3PN), [2-6] 
 A dilute solution of [2-6] in ethanol was evaporated slowly in air to obtain X-ray quality 
crystals. The compound crystallizes in the monoclinic space group P21/m with two molecules 
per unit cell. The representation of structure [2-6] as determined by X-ray diffraction is shown as 
Oak Ridge Thermal Ellipsoid Plots (ORTEP) in Figure 2.4 (a). The ball and stick representations 
of the front and side views of [2-6] are shown in Figure 2.4 (b), (c). 
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Figure 2.4 X-ray crystal structue of NH2F3PN in ORTEP representation, set at 50% probability 
(a), ball and stick respresentation view from front (b), and side view (c). Color code: C, gray; F, 
light green; H, white; N, blue. 
 
 The packing diagrams of [2-6] reveal parallel layers of sheets. The Figure 2.5 (a), (b) 
shows the view of crystal packing along the b and c axis. The view along b reveals 
intermolecular hydrogen bonding between NH2 hydrogens and N atoms of nitrile groups. 
      
Figure 2.5 Crystal packing diagram of NH2F3PN in capped sticks representation. (a) View along 
the b axis (b) View along the and c axis. Color code: C, gray; F, light green; H, white; N, blue. 
(a) (b) (c) 
(a) 
(b) 
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Figure 2.6 Intra-molecular F---H hydrogen bonding distance (a), Inter-molecular distance 
between two molecules from N atom of amino to centroid of another aromatic ring (b) and Inter-
molecular CN---H hydrogen bonding distances (c). 
 
 The hydrogen bonding distances range is usually ~ 1.5-2.5 Å. The calculation of intra-
molecular H-bonding distance in [2-6] between –NH2 groups with fluorine atoms attached to 
ring are NH---F(2)/F(3), 2.474/2.408 Å, (Figure 2.6 (a)) while inter-molecular H-bonding 
distances between –NH2 groups and nitriles are NH---NC 2.136/2.206 Å as shown in Figure 2.6 
(c). The strong inter-molecular H-bonding networks are major force of attraction to form planar 
sheets with reported high melting point of [2-6] as compared to [2-7] and [2-8].
23
 
 The F---F short contact distance is 2.917 Å, which is slightly less than the sum of van der 
Waals radii (2.94 Å), prevailing between the stacking layers, while π-π stacking > 4 Å (Figure 
(b) 
 
(a) 
 
(c) 
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2.6 (b)) distance observed in parallel sheets rules out any possibility being the layered stacking of 
[2-6]. The lack of π-π stacking is attributable due to presence of  five electron-withdrawing 
substituents attached to five carbon of [2-6], which depletes the π electron density of the arene. 
The molecules are seen to be arranged in head to tail fashion in stacked layers, the sum of H-
bonding and F---F short contact contributed stacking-sheets like structure domains. 
2.3.3.2 3,4,6-trifluoro-5-(methylamino)phthalonitrile (NHMeF3PN), [2-7] 
   
                                                                                          
Figure 2.7 X-ray crystal structue of NHMeF3PN in ORTEP representation, set at 50% 
probability (a), ball and stick respresentation view from front (b), and side view (c). Color code: 
C, gray; F, light green; H, white; N, blue. 
 
 Single crystals of [2-7] suitable for X-ray diffraction were obtained by the slow 
evaporation of its solution in aqueous ethanol for X-ray crystallography. The crystals belong to 
the orthorhombic systems with four molecules in the unit cell, space group Pca2(1), chiral. final 
R factor, 2.6%, confirmed the good quality of the crystals. The ORTEP plot of [2-7] is 
represented in Figure 2.7 (a), along with front and side view in ball and stick representation in 
Figure 2.7 (b), (c). 
(b) (a) (c) 
36 
 
 The packing diagram of [2-7] viewed along the unit cell axis is presented in capped stick 
representations in Figure 2.8. The view along a axis in which edge-to-face molecular 
arrangements creates the artistic "flying bird" image seen in Figure 2.8 (a). The offset view along 
the a axis creates a circular image of fluorinated arenes with –NHMe groups oriented in head to 
tail arrangment in two molecules and fall in between two nitrile groups of other molecules, as 
shown in Figure 2.8 (b).  
   
 
(a) 
(b) 
(c) 
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Figure 2.8 Crystal packing diagram of NHMeF3PN in capped sticks representation. (a) View 
along the a axis, (b) Off set view along the a axis, (c) View along the b axis (Z-90
o
 rotation), and 
(d) View along the c axis. Color code: C, gray; F, light green; H, white; N, blue. 
 
 The view along the b axis (Z-90) shows inter-molecular H-bonding chain between NH---
NC groups as seen in Figure 2.8 (c). The dinitriles groups of two molecules bisect the other 
dinitriles ring units and viewed along c axis, Figure 2.8 (d). 
The following Figure 2.9 (a) shows that the −NH(CH3) group is in the plane of the 
aromatic ring. The −CH3 group is arranged such that the ortho F bisects a H-C-H angle. The H-
bonding distance between NH---NC is 2.24 Å, favoring chains as shown in Figure 2.9 (c). A 
dihedral angle of 51
o
 between adjacent molecules is observed. The F---F short contacts form 
chain links roughly perpendicular to the H-bonded chains. Only the F's ortho to the amino 
groups are involved. The combined H-bonds and F---F contacts form interpenetrating networks, 
C-H---F short contacts also provide links between the F---F and H-bonding networks Figure 2.9 
(b). 
 
 
 
(d) 
(a) 
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Figure 2.9 Inter-molecular H-bonding chain between CN---HN-Me groups (a), H-bonding, F---F 
and C-H---F short contacts network (b), H-bonding distances between CN---HN-Me, C-H---F, 
C-H---NC- groups (c), and Intra-molecular H-bonding distances (d).  
 
 The inter-molecular distance between the H atoms of –CH3 with nitrile and fluorine 
CN---H-CH2 2.54 Å; F---H-CH2 2.60 Å are shorter than the sum of van der Waals radii 2.75 Å 
and 2.67 Å respectively as shown in Figure 2.9 (c) suggesting some H-bonding type interaction. 
The intramolecular NH---F distance 2.32 Å shows H-bonding with fluorine atom in Figure 2.9 
(d). The attractive forces in [2-7] are strong H-bonding, F---F short contacts, which reflected in 
crystal stability over π-π stacking. The mono methyl group in [2-7] is responsible for breaking 
(c) 
 
 
 
(d) 
(b) 
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the stacked layer arrangement as seen in [2-6]. Physical properties based on inter-molecular 
forces, such as the melting point (Mp.) are affected, the reported Mp. 119-121 
o
C of [2-7] being 
much lower as compared to the Mp. 179-180 
o
C of [2-6]. The position of a small substituent and 
its effects on crystal packing and physical properties such as melting point has also been reported 
for similar system eg. fluorobenzonitriles.
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2.3.3.3 4-(dimethylamino)-3,5,6-trifluorophthalonitrile (NMe2F3PN), [2-8] 
 A dilute solution of [2-8] in ethanol was slowly evaporated in air to yield suitable single 
crystals for X-ray analysis. The crystal is monoclinic, C2/c space group, eight molecules per unit 
cell. The ORTEP and ball and stick representations of [2-8] are shown in Figure 2.10 (a), (b) 
respectively. 
 
Figure 2.10 X-ray crystal structue of NMe2F3PN in ORTEP representation, set at 50% 
probability (a), ball and stick respresentation view from front (b). Color code: C, gray; F, light 
green; H, white; N, blue. 
 
The π-π stacking (3.488 Å) is restored in the case of the tertiary amine derived [2-8] 
molecule as shown in Figure 2.11 (a), (d). This is as opposed to the primary amine [2-6] and 
secondary amine [2-7] derivatives. This suggests that electron donating power of two methyl 
(a) (b) 
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groups and also the eliminated hydrogen bonding capabilities of protons attached to nitrogen 
atom restores aromatic stacking. The bulky methyl groups are located above and below the 
aromatic plane, and the plane passing through the methyl groups and aromatic rings makes a 30
o
 
dihedral angle as shown in Figure 2.11 (b). The shortest intra-molecular distance between 
protons of −CH3 with nearest fluorines, 2.37, 2.40 Å as shown in Figure 2.11 (c). 
 
 
 
(a) 
(b) 
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Figure 2.11 Unit cell packing diagram of NMe2F3PN in capped stick representation (a), side 
view showing two N, N’ dimethyl groups in trans manner forming dihedral angel 30.35o (b), 
Intra-molecular H-bonding between two C-H---F (c), and π-π stacking between two molecules in 
ball and stick representation except carbon atoms (d). Color code: C, gray; F, light green; H, 
white; N, blue. 
 
 The crystal packing diagrams of [2-8] are presented along the a, b and c axis in Figure 
2.12 (a)-(d). The zigzag orientation of the molecules along the a-axis is shown in capped stick 
representation with H atoms omitted for clarity (Figure 2.12 (a)). The view along the b axis, 
Figure 2.12 (b) shows the π-π stacking with –NMe2 moiety adopting a head to tail orientation, 
when two molecules stack. The view along the c axis (Figure 2.12 (c)) shows adjacent 
perpendicular stacks with the –NMe2 of one stack facing towards the –NMe2 of a perpendicular 
stack. The offset view along the inverted b axis shows the box type square geometry formed 
(Figure 2.12 (d)). The close-up view shows that two adjacent π-π stacks are nearly perpendicular 
and that four molecules form a square.  
 
 
 
 
 
 
 
(c) (d) 
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Figure 2.12 Crystal packing diagram of NMe2F3PN in capped sticks representation (H atoms 
omitted for clarity). (a) View along the a axis, (b) View along the b axis, (c) View along the c 
axis, (d) Offset view along the inverted b axis (X-90
o
 rotation) and enlarged box of four 
molecules with H atoms. Color code: C, gray; F, light green; H, white; N, blue. 
 
 In the absence of strong H-bonding, the bulky dimethyl substituents of [2-8] preferes π- 
π stacking in head-to-tail fashion rather than chain formation as viewed in [2-6] and [2-7]. 
2.3.3.4 3,5-difluoro-4,6-bis(methylamino)phthalonitrile ((NHMe)2F2PN), [2-9] 
 Single crystals of [2-9] suitable for X-ray crystallography were grown by the slow 
evaporation of a dilute solution of ethanol at ambient temperature.  
(b) (c) 
(d) 
(a) 
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Figure 2.13 X-ray crystal structure of (NHMe)2F2PN in ORTEP representation, set at 50% 
probability (a), ball and stick respresentation view from front (b), and side view (c). Color code: 
C, gray; F, light green; H, white; N, blue. 
 
 The crystals are monoclinic, P21/c space group and four molecules are present in the unit 
cell. The ORTEP, along with front and side view in ball and stick representations of [2-9] are 
shown in Figure 2.13 (a)-(c). 
 The crystals packing diagrams of [2-9] over a, b, and c axis are shown in Figure 2.14 (a)-
(c). The π-π stacking and H-bonding patterns are clearly viewed across the a axis, and the offset 
view along the a axis shows wavy sheets with slightly offset, out of plane  methyl groups, Figure 
2.14 (a). The b axis view shows unilateral offset sheets (Figure 2.14 (b)). The slight offset 
orientation is observed in head to tail adjacent molecules in sheets. This is may be due to steric 
repulsion of the methylamine group (–NHMe) attached to C6, with the methyl group of the 
−NHMe attached to the C4 in neighboring molecules. The stacking order of molecules found to 
be alternately, which means that every third molecule along the stacking axis exhibits identical 
geometry within two different geometry types, as shown in the packing diagram along the c axis 
(Figure 2.14 (c)). 
(a) 
(b) (c) 
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Figure 2.14 Crystal packing diagram of (NHMe)2F2PN in capped sticks representation. (a) View 
along the a axis and Z-90 flip with off set x-axis view, (b) View along the b axis, (c) View along 
the c axis (Z-90
o
 rotation). Color code: C, gray; F, light green; H, white; N, blue.  
(c) 
(b) 
(a) 
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 The π-π stacking also plays a role in the stability of the crystal, as a stacking distance 
3.29 Å Figure 2.15 (a) is obseved between two molecules. The hydrogens of both –NHMe group 
are involved in intra-molecular H-bonding with the neighboring fluorine, with the NH---F 
distance 2.20/2.29 Å as shown in Figure 2.15 (b). The well balanced ratio between electron 
donors and acceptors induces a tight network of inter-molecular H-bonding. The distance 
between MeN-H---NC 2.15 Å are consistent in sheets, shown in Figure 2.15 (c).  
 
 
Figure 2.15 The π-π stacking between two molecules of (NHMe)2F2PN in ball and stick 
representation except carbon atoms (a), Intra-molecular H-bonding between two Me-N-H---F 
(b), and Inter-molecular H-bonding chain between Me-NH---NC groups (c). Color code: C, gray; 
F, light green; H, white; N, blue. 
 
 The π-π stacking and H-bonding are strong forces of attraction for the crystal structrure 
stabilization of [2-9] as observed in packing diagram (Figure 2.15). 
(a) (b) 
(c) 
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Table 2.4 Selected Crystallographic Data for NH2F3PN [2-6], NHMeF3PN [2-7], NMe2F3PN [2-
8] and (NHMe)2F2PN [2-9]
†
 
 NH2F3PN NHMeF3PN NMe2F3PN (NHMe)2F2PN 
Formula C8H2F3N3 C9H4F3N3 C10H6F3N3 C10H8F2N4 
Formula mass 197.13 211.15 225.18 222.20 
Crystal system monoclinic orthorhombic monoclinic monoclinic 
Space group P21/m Pca2(1) C2/c P21/c 
T (K) 100(2) 100(2) 100(2) 100(2) 
a (Å) 7.9830(2) 18.4819(3) 20.591(5) 7.1105(5) 
b (Å) 6.0642(2) 6.2458(1) 8.1889(16) 12.0599(6) 
c (Å) 8.8113(3) 7.3387(1) 11.748(3) 11.8376(6) 
α (o) 90 90 90 90 
β (o) 112.938(2) 90 104.51(1) 98.163(4) 
γ (o) 90 90 90 90 
Volume (Å
3
) 392.83(2) 847.14(2) 1917.7(7) 1004.8(1) 
Z 2 4 8 4 
dcalcd(g/cm
3
) 1.667 1.656 1.560 1.469 
Nrefl 2525 6936 6028 7003 
Nparam 86 138 148 148 
R1 (I > 2σI) 0.0361 0.0255 0.0521 0.0633 
R1 (all data) 0.0375 0.0258 0.0575 0.0989 
wR2 (I > 2σI) 0.1059 0.0690 0.1418 0.1187 
wR2 (all data) 0.1081 0.0693 0.1496 0.1407 
GOF on F
2
 1.109 1.050 1.060 1.004 
R1 = Σ|(|Fo|−|Fc|)| / Σ|Fo|; wR2 = {Σw(|Fo|−|Fc|)
2 / Σw|Fo|
2}1/2; S = {Σw(|Fo|−|Fc|)
2 / (Nrefl−Nparam)
2}1/2. 
† Abbreviations used in the table and equations: Nrefl – number of observed independent reflections; Nparam – number 
of parameters refined; R1 – unweighted refinement discrepancy factor; wR2 – weighted refinement discrepancy 
factor; GOF – goodness of fit; Fo – observed structure factors; Fc – calculated structure factors. 
 
The overview of the selected crystallography data and structure refinement parameters for all 
basic functional group substituted fluorinated building blocks is presented in Table 2.4 for 
comparision purposes. The complete crystallographic data of [2-6] to [2-9] is presented in 
Appendices E to H. 
2.3.3.5 2-(3,4-dicyano-2,5,6-trifluorophenyl)diethyl-malonate ((COOEt)2F3PN), [2-10] 
 X-ray quality single crystals of [2-10] were grown from ethyl acetate. The colorless 
crystals belong to the monoclinic system, space group C2/c with eight crystallographically 
independent molecules in the unit cell. The perspective ORTEP view of the [2-10] as determined 
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by X-ray diffraction is shown in Figure 2.16 (a). The ball and stick representation of front facing 
arene and side view along the arene plane of [2-10] are also shown in Figure 2.16 (b), (c).  
       
 
 
Figure 2.16 X-ray crystal structue of (COOEt)2F3PN in ORTEP representation, set at 50% 
probability with image taken for ~ 4.0 g of [2-11] (left hand side) (a), ball and stick 
respresentation view from the front (b), and across aromatic ring view (c). Color code: C, gray; 
F, light green; H, white; N, blue; O, red. (Image 2.16 (a) courtesy of Hemantbhai Patel) 
 
 The two ester moieties are positioned above and below the plane passing through the 
arene atoms of [2-10]. The crystals packing view of [2-10] along the reciprocal a axis shows 
flanked diesters on two sides of arene plane, which creates mozaic patterns as seen in Figure 2.17 
(a). The b axis view clearly shows the head to tail orientation of [2-10] in Figure 2.17 (b), while 
the calculated distance between repeating centroids being 5.37, 5.58 Å, as shown in Figure 2.18 
(a). The amazing artistic spider view is observed, when packed molecules are viewed along the c 
(a) 
(b) 
(c) 
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axis, shown in Figure 2.17 (c). The fluorine atoms of arene congregated in the center, while the 
ester and dinitrile moieties stretched outward showing the hydrophobic/hydrophilic characters of 
[2-10]. 
 
 
 
 
 
 
 
 
 
 
 
(a) 
(b) 
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Figure 2.17 Crystal packing diagram of (COOEt)2F3PN in capped sticks representation. (a) View 
along the reciprocal a axis, (b) View along the b axis in crystal lattice, (c) View along the c axis. 
Color code: C, gray; F, light green; H, white; N, blue; O, red. 
 
 A minimum of four head-to-tail arranged [2-10] molecules are required to form the 
spidery image in Figure 2.18 (b). Also the view on inverted a axis by four molecules of [2-10] 
creates two opposite faced artistic deer head patterns as shown in Figure 2.18 (c). The packing on 
the inverted a axis shows stacked arenes facing each other and creating artistic aligned deer head 
patterns (Figure 2.18 (d)). The V-shape and inverted V-shape formed by four molecules viewed 
along the reciprocal a-axis in which arenes are in plane and diesters are extended as shown in 
Figure 2.18 (e). In the pair of four molecules, the middle two arene systems face each other with 
a distance 5.58 Å from centroids. The remaining two face at an angle so two vicinal fluorines of 
each ring can make short contacts with other two vicinal fluorine atoms. The F---F short contact 
of 2.92 Å, which is less than the sum of their van der Waals radii 2.94 Å, is strictly maintained 
only in vicinal fluorines (F5, F6) short contact with neighboring vicinal fluorines (F6, F5) of 
another molecule of [2-10]. The intra-molecular H-bonding observed in CH---F with a distance 
2.334 Å is shown in Figure 2.18 (f). The lack of π-π stacking capability and absence of H-
bonding features in crystals packing diamgram, althought weak F---F short contacts and long 
range order contribute to crystal stability of [2-10]. A number of studies also show that fluorine 
(c) 
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generates different type of packing via C-H---F, C-F---F, and C-F---π interactions, in the absence 
of strong hydrogen bond donors/or acceptors.
25,26 
 
 
 
Figure 2.18 (a) Packing diagram of the four molecules of (COOEt)2F3PN. (b) View on c axis 
formed by four molecules. (c) View on inverted a axis (Z-90
o
) by four molecules. (d) Crystal 
packing on inverted a axis. (e) View on reciprocal a axis by four molecules. (f) Intra-molecular 
H-bonding between CH---F atoms. 
(a) (b) 
(c) (d) 
(e) 
(f) 
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2.3.3.6 2-(3,4-dicyano-2,5,6-trifluorophenyl)acetic acid ((COOH)CH2F3PN), [2-11] 
 
 
   
 
 
 
 
 
Figure 2.19 X-ray crystal structue of (COOH)CH2F3PN in ORTEP representation, set at 50% 
probability with toluene in crystal lattice (a), Ball and stick respresentation view from front, 
across aromatic ring horizontal and vertical. Color code: C, gray; F, light green; H, white; N, 
blue; O, red. 
 
 X-ray quality crystals of [2-11] were grown by the slow evaporation of a dilute solution 
in toluene yielded long colorless needles. The crystals are triclinic, P-1 space group. Two toluene 
molecules of crystallization are also present in the crystal lattice along with two molecules of [2-
11]. The ORTEP perspective view of the X-ray crystal structure is shown in Figure 2.19 (a). The 
ball and stick representations of [2-11] are shown in Figure 2.19 (b). 
(a) 
(b) 
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 The carboxylic acid groups of [2-11] form a dimer through H-bonding. The unit cell 
packing diagram in Figure 2.20 (a), shows H-bonding between two molecules of [2-11]. The 
toluene molecules of crystallization are also present in the crystal lattice, and form π-π 
interactions with [2-11]. The intra-molecular H-bonding distance between CH---F is 2.41 Å as 
shown in Figure 2.20 (b), while strong inter-molecular H-bonding between -OH---O=C 1.84 Å 
by the carboxylic acid dimer of [2-11] are present, as shown in Figure 2.20 (c). 
 The crystal packing diagram of [2-11] along the b axis is shown in Figure 2.21. The –
COOH group of [2-11] is not in the aromatic plane but positioned at 67.74
0
 above the arene 
plane. The solvated, π stacked toluene molecules with [2-11] are omitted in the packing diagram 
along the b axis for clarity. The strong H-bonding formed by dimer assemblies and π stacked 
toluene molecules contributes to crystal stability. 
 
 
 
 
(a) 
(b) 
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Figure 2.20 Unit cell packing diagram of (COOH)CH2F3PN in wire frame representation (a), 
Intra-molecular H-bonding between two C-H---F atoms (b), and Carboxylic acid dimer formed 
by hydrogen bonding two molecules in ball and stick representation except carbon atoms (c). 
Color code: C, gray; F, light green; H, white; N, blue; O, red. 
 
 Selected crystal data and structure refinement parameters for the (COOEt)2F3PN [2-10] 
and (COOH)CH2F3PN [2-11] are summarized in Table 2.5. The complete crystallographic data 
of [2-10] and [2-11] are presented in Appendices I and J. 
 
Figure 2.21 Crystal packing diagram of (COOH)CH2F3PN. Capped sticks representation along 
the b axis. 
 
(c) 
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Table 2.5 Selected Crystallographic Data for (COOEt)2F3PN [2-10] and (COOH)CH2F3PN [2-
11]
†
 
 (COOEt)2F3PN (COOH)CH2F3PN 
Formula C15H11F3N2O4 C17H11F3N2O2 
Formula mass 340.26 332.28 
Crystal system monoclinic triclinic 
Space group C2/c P-1 
T (K) 100(2) 100(2) 
a (Å) 33.4368(12) 7.0666(5) 
b (Å) 5.5510(2) 14.6582(9) 
c (Å) 20.1987(7) 15.6391(9) 
α (o) 90 88.0824(4) 
β (o) 126.805(1) 82.041(4) 
γ (o) 90 79.269(4) 
Volume (Å
3
) 3001.77(19) 1576.24(17) 
Z 8 4 
dcalcd(g/cm
3
) 1.506 1.400 
Nrefl 2686 9203 
Nparam 220 414 
R1 (I > 2σI) 0.0293 0.0689 
R1 (all data) 0.0326 0.0943 
wR2 (I > 2σI) 0.0715 0.1410 
wR2 (all data) 0.0729 0.1603 
GOF on F
2
 1.086 0.972 
R1 = Σ|(|Fo|−|Fc|)| / Σ|Fo|; wR2 = {Σw(|Fo|−|Fc|)
2 / Σw|Fo|
2}1/2; S = {Σw(|Fo|−|Fc|)
2 / (Nrefl−Nparam)
2}1/2. 
† Abbreviations used in the table and equations: Nrefl – number of observed independent reflections; Nparam – number 
of parameters refined; R1 – unweighted refinement discrepancy factor; wR2 – weighted refinement discrepancy 
factor; GOF – goodness of fit; Fo – observed structure factors; Fc – calculated structure factors. 
 
2.4 Conclusions 
 Small fluorinated building blocks have been prepared in good yields and characterized 
successfully by 
1
H, 
19
F NMR, IR, HRMS and X-ray crystallography. The fluorinated building 
blocks presented here are precursors for fluorinated phthalocyanines. The small functional 
groups on fluorinated phthalonitriles have profound effects on crystal packing. The basic –NH2 
and –NHMe group are responsible for the existence of H-bonding chains in [2-6] and [2-7], 
respectively. The –NMe2 groups restore π-π stacking interactions, possibly due to strong electron 
donating effects, and the absence of N-H groups that could form H-bonds. A long range order is 
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observed in the diester substituted derivative [2-10]. The –COOH group of [2-11] forms the 
carboxylic acid dimer as well as π stacking with toluene during crystallization. The combination 
of non-covalent bonding interactions such as H-bonding, π-π stacking and F---F short contacts 
play major roles in the crystal lattice stabilization of the fluorinated building blocks. It would be 
interesting to compare the packing arrangement imparted by the functional groups in dinitriles 
with the packing favored by the same groups in the corresponding phthalocyanines, thus possibly 
predicting patterns in the self-assembly of phthalocyanines based on the understanding of their 
precursors. 
 The fluorinated building blocks [2-6]-[2-8] have been used for functional fluorinated 
metallo phthalocyanine synthesis discussed in Chapters 3 and 4, while the others are envisioned 
for development of future synthetic Pcs application. 
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CHAPTER 3 
 
FUNCTIONAL FLUORINATED ZINC PHTHALOCYANINES 
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3.1 Introduction 
The construction of an organic framework surrounding a metal center or the 
incorporation of a metal center into a preformed organic framework are advantageous to the 
development of robust materials for numerous applications.
1
 Nature already has these systems in 
place to carry out various biological processes; the heme complex, composed of a porphyrin 
ligand chelating an iron metal center, is an excellent example of such systems.
2
 Among the 
various ligand frameworks, macrocycles such as porphyrins (Por) and phthalocyanines (Pc) have 
gained popularity due to their ability to incorporate a wide variety of transition metal centers and 
thus offering opportunities to develop desired applications ranging from catalysis, surface 
science, electronics, dyes and pigments, biological reagents, etc.
3 
The characteristic properties of 
these systems varies greatly, mainly due to variations in the substituents of the organic ligand, as 
well as variations in the metal center. These properties can be further tuned by changing axial 
ligands. The synthetic Pc, compared to their natural counterpart, Por, is considered to be superior 
for many reasons, including near infrared absorption, high thermal and chemical stability and 
ease of synthetic modification. Among the various metals, closed d-shell zinc (Zn
2+
) is attractive 
due to the excellent photophysical properties of its complexes. The Zn containing Pc has been 
utilized widely in developing electro- and photo-catalysts, thin films, infrared sensors, 
photovoltaic cells (OPVs), light-emitting diodes (OLEDs), field-effect transistors (OFETs), 
nonlinear optical materials, solar cells and photodynamic therapy (PDT) agents etc.
3-6
 
The PcZn complexes have been obtained by tetramerization of small building blocks, 
such as phthalic acids, phthalic anhydrides, phthalimides, phthalonitriles and 
diiminoisoindolines; the last two precursors are favored because of their high synthetic yields 
while minimizing side product formation.
7
 There are 16 possible sites on the organic framework 
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of the Pc which can undergo chemical modifications to generate symmetric, asymmetric Pcs.
8
 
The types of substituents also have a major influence on the chemical, optical and redox 
properties of the Pcs that may ultimately influence their applications.
9
 For example, electron-
donating or electron-withdrawing substituents can respectively enhance or suppress the electron 
deficient characteristics of the Pcs and thus influence their photo/redox capabilities.
10
 The π-π 
stacking interactions of the Pcs are due to the extended aromatic conjugation and it could be 
hindered by placing bulky substituents around the organic framework. This feature is important 
for developing electronic applications while reducing sample aggregation in organic solvents.
11
 
The replacement of sixteen aromatic C-H bonds of planar H16Pc by aromatic C-F bonds (F16Pc) 
enhances the thermal stability of Pcs, but the chemical stability due to nucleophilic attack still 
remains an issue. Interestingly, the p-type conduction characteristics of unsubstituted, H16PcZn 
switches to stable n-type conduction in organic semiconductor thin films due to perfluorination 
i.e. the formation of F16PcZn.
12-13
 The aqueous or organic solubility of Pcs can also be tuned by 
incorporating hydrophilic or hydrophobic substituents, respectively, a factor that impacts many 
biological applications.
14
 The symmetry, asymmetry or chirality of Pcs also plays a major role in 
many applications. For example, the selectivity of sulfonated zinc Pc towards tumors has been 
overcome by using asymmetric zinc Pc with fewer sulfonic groups.
15
 The asymmetrical Pcs, 
containing functional groups at specific positions, in comparison with symmetric Pcs 
with/without any substituents may open many possibilities, such as binding with various solid 
surfaces or biomolecules.
16-18
 
The aggregation propensity and chemical stability issues of the thermally stable F16Pc 
have been eliminated by our groups via replacement of eight peripheral aromatic C-F 
substituents with bulky aliphatic iso perfluoro groups, Rf = i-C3F7, F64Pc class.
19
 The F64Pc class 
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exhibits enhanced organic solubility, non-aggregating properties, thermal stability and 
chemically inertness due to the protecting effect of eight peripheral, sterically bulky i-C3F7 
substituents, which can be viewed as a “Teflon” fragment. The zinc containing F64Pc have been 
shown to function as artificial enzymes, anti-cancer drugs, photosensitizers for degradation of 
azo dye, photocatalysts,
20-22
 etc.
 
 
 The axial 4-fold axis of perfluorinated F64PcZn has been eliminated in order to create 
asymmetric zinc complexes that are also sterically bulky, the resulting complexes being viewed 
formally as a combination of planar (2D) F16PcZn and 3D F64PcZn. The structural complexes 
namely perfluorinated asymmetric F52aPcZn [3-2] and symmetric F40PcZn [3-3], are shown in 
Figure 3.1.  
 
Figure 3.1 Synthetic schemes for preparing perfluorinated zinc phthalocyanines [3-1]-[3-3]. 
 
The cis geometry of F40PcZn, [3-3], as shown in Figure 3.1 was revealed by X-ray 
crystallography. The complex was found to be partially aggregating in solution and the solid 
phase. These complexes would be useful due to their asymmetry and partially aggregating 
behaviors exhibiting features common to both perfluorinated F16PcZn and F64PcZn.  
 Small, electrons donating mono functional groups such as –NH2, –NHMe, –NMe2 have 
also been placed within the Pc macrocycle to introduce asymmetric molecules (R-F51PcZn class) 
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with possible electron push-pull effects (Figure 3.2). Their energy transfer properties are 
discussed in Chapter 5. The separation of these complexes through traditional column 
chromatography on silica gel was challenging. Therefore, reverse phase HPLC methods were 
developed to separate these new zinc complexes. A mixed methanol-water solvent system was 
found to be ideal for the separation on reverse phase C18 column. It was also found that 
aggregation and the electron deficiency of the zinc, due to the decreasing number of fluorines 
plays a major role in retention time differences observed for the ZnPcs. The HPLC-separation 
issues will be discussed separately. 
 
 
Figure 3.2 Synthetic schemes for preparing functional perfluorinated zinc phthalocyanines. 
 
The present chapter discloses the synthesis, characterization (
1
H and 
19
F NMR, IR, high 
resolution mass (HRMS) and UV-Vis spectroscopic) of [3-2]-[3-6] as well as its purification on 
reverse phase HPLC. X-ray crystal structure analysis of F40PcZn is also included in this chapter. 
3.2 Experimental Section 
3.2.1 General Experimental 
 
All solvents (ACS grade or better) and reagents were purchased from commercial sources 
and used as received, unless stated otherwise. The fluorinated precursor tetrafluorophthalonitrile 
was commercially available from TCI Co., Ltd.; perfluoro-(4,5-diisopropyl)phthalonitrile [2-3], 
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fluorinated functional precursor [2-6]-[2-8], were prepared according to procedures described in 
Chapter 2. Deuterated solvents were purchased from Cambridge Isotope Laboratories. 
Chromatographic separations were carried out on silica gel (63–200 μm). Thin-layer 
chromatography was performed on precoated aluminum-backed silica gel 60 F254 plates. 
1
H and 
19
F NMR spectra were obtained at ambient temperature on Varian Inova 500 and 400 MHz 
instruments. 
1
H chemical shifts are reported in ppm and referenced according to the standard 
deuterated solvent signal. 
19
F chemical shifts are reported in ppm relative to an internal CFCl3 (δ 
= 0.00) standard. The NMR spectral data were processed with the ACD/NMR Processor 
software. Infrared spectra were obtained on a Nicolet 4700 FT-IR (ThermoElectron Co.) 
spectrometer coupled with OMNIC software (driver version: 7.1). The samples for infrared 
spectroscopy were prepared by evaporating in air a thin film of a dichloromethane solution of the 
compound deposited on NaCl plates or via KBr pellets. Electronic absorption spectra were 
collected with a HP Diode array spectrophotometer 8425A. High-resolution mass spectra 
(HRMS) were acquired at the University of Michigan (Ann Arbor, MI) by electrospray 
ionization in the positive mode (ESI+)/negative mode (ESI-) or atmospheric pressure chemical 
ionization in the negative mode (APCI-). 
3.2.2 General HPLC method and parameters 
All mobile phases were composed of deionized (DI) water (18 Ω) and commercially 
available HPLC grade methanol. The DI water was obtained from a Millipore machine; formic 
acid was used to obtain a 0.1M aqueous formic acid solution for analytical separations. An 
isocratic separation mode was used for semi-preparative scale purification and the mobile phase 
was composed of a premixed 99:1 MeOH:H2O [v/v] solvent system. The crude products 
obtained in reaction mixtures were pre-separated via flash chromatography with a 
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hexane/toluene mixture to remove unreacted precursors and other side-products, and finally 
separated with a 1:1 v/v mixture of hexane/acetone to yield only mixtures of perfluorinated 
ZnPcs. 
HPLC: Waters 2695 Separations Module  
Detector: Waters 2487 Dual λ Absorbance Detector set at 670 nm  
Column: Agilent Eclipse RP XDB-C18 5µ 4.6 x 150 mm (analytical) and Agilent Eclipse RP 
XDB-C18 5µ 9.4 x 250 mm (semi-Preparative) 
Flow rate: 1.0 mL/min (analytical) and 4.2 mL/min (semi-Prep.) 
Crude sample concentration: 0.5 mg/mL (analytical) and 20 mg/mL (semi-Prep.) 
Injection volume: 10 µL (analytical) and 100 µL (semi-Prep.) 
Semi-prep Column: Agilent Eclipse XDB-C18 5µ 9.4x250 mm reverse phase column.  
Flow-rate: 4.2 mL/min  
3.2.3 Synthesis and Characterization of F52aPcZn [3-2] and F40PcZn [3-3] 
Perfluoro-(4,5-diisopropyl)phthalonitrile (Bis-1) [2-3], 0.1 g (0.2 mmol), tetrafluoro-
phthalonitrile (TFPN) [2-1], 0.016 g (0.08 mmol) and anhydrous zinc(II) acetate 0.015 g (0.08 
mmol), were mixed with a few drops of nitrobenzene in a glass vial, sealed with a Teflon cap and 
heated in a microwave reactor at 185 
o
C for 12 minutes. The purification was performed by 
column chromatography on silica gel using 8:2 v/v of hexane/acetone. The F64PcZn and 
F52aPcZn were isolated together as a first, green band and F40PcZn [3-3] was isolated as a second 
blue colored solid (0.026 g, 17 % yield) after solvent evaporation. The first, green colored solid 
was purified by HPLC using reverse phase C18 semi-Prep column (1:99 water/methanol as a 
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mobile phase). The F64PcZn [3-1] was isolated as a green solid (0.047 g, 31 % yield) and 
F52aPcZn [3-2] as a green solid (0.029 g, 25 % yield).  
F52aPcZn [3-2]: UV-Vis (CHCl3): λmax (log ε) 702 (5.11), 674 (5.03), 610 (4.36), 382 (4.67) nm 
(L mol
-1
 cm
-1
); 
19
F NMR (376 MHz, (CD3)2CO) δ [ppm] = -71.13 to -71.56 (m, 36F, CF3), -
102.95 to -104.38 (m, 6F, CF), -138.76 (br s, 2F, Ar-F), -149.54 (br s, 2F, Ar-F), -164.57 (br s, 
6F, Ar-F); IR (NaCl, selected bands): 2924, 1484, 1248, 1170, 1096, 967 cm
-1
; HRMS (ESI-): 
m/z calculated for C50F52N8Zn [M+HCOOH]
-
, 1808.8682, found 1808.8691. 
F40PcZn [3-3]: UV-Vis (CHCl3): λmax (log ε) 686 (5.06), 616 (4.35), 374 (4.59), 318 (4.46) nm 
(L mol
-1
 cm
-1
); 
19
F NMR (376 MHz, (CD3)2CO) δ [ppm] = -68.10 to -75.62 (m, 24F, CF3), -
101.10 to -111.12 (m, 4F, CF), -136.09 to -144.14 (m, 4F, Ar-F), -148.10 to -154.64 (m, 4F, Ar-
F), -163.13 to -167.59 (m, 4F, Ar-F); IR (NaCl, selected bands): 2926, 1523, 1492, 1248, 1221, 
1170, 1149, 964 cm
-1
; HRMS (ESI-): m/z calculated for C44F40N8Zn [M+HCOOH]
-
, 1508.8874, 
found 1508.8811. 
3.2.4 Synthesis and Characterization of NH2F51PcZn [3-4] 
Perfluoro-4,5-diisopropylphthalonitrile (Bis-1) [2-3], (0.2 g, 0.4 mmol), 4-amino-3,5,6,-
trifluorophthalonitrile (NH2F3PN) [2-6], (0.078 g, 0.4 mmol), and anhydrous zinc(II) acetate 
(0.037 g, 0.2 mmol) were suspended in nitrobenzene (~ 2 mL). The mixture was heated at 185 
o
C 
and stirred for 6 h under a nitrogen atmosphere. The purification was performed by column 
chromatography on silica gel using 9:1 to 7:3 v/v mixtures of toluene/acetone. The isolated blue 
and green bands were further purified by column chromatography using 8:2 v/v of 
hexane/acetone. F64PcZn was isolated as a green solid (0.088 g, 43 % yield) and NH2F51PcZn [3-
4] as a greenish-blue solid (0.009 g, 4 % yield). 
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NH2F51PcZn [3-4]: UV-Vis (CHCl3): λmax 728 (4.88), 684 (4.89), 618 (4.28), 380 (4.63) nm (L 
mol
−1
 cm
−1
); 
1
H NMR (376 MHz, (CD3OH + TFA): δ [ppm] = 4.89 (s, −NH3 
+
); 
19
F NMR (376 
MHz, (CD3)2CO) δ [ppm] = -71.25 to -72.5 (m, 36F, CF3), -103.0 to -105.0 (m, 6F, CF), -134.73 
(br s, 1F, Ar-F), -142.10 (br s, 1F, Ar-F), -151.71 (br s, 1F, Ar-F), -164.25 to -166 (br s, 6F, Ar-
F); IR (NaCl): 2917, 2849, 1726, 1641, 1514, 1493, 1462, 1247, 1170, 1096, 982, 965, 802, 752, 
729 cm
-1
; HRMS (ESI-): calculated for C50H2F51N9Zn [M+Cl]
-
 1795.8604, found 1795.8603  
3.2.5 Synthesis and Characterization of NHMeF51PcZn [3-5] 
Perfluoro-4,5-diisopropylphthalonitrile (Bis-1) [2-3], (0.2 g, 0.4 mmol), 3,4,6-trifluoro-5-
(methylamino)phthalonitrile (NHMeF3PN) [2-7], (0.084 g, 0.4 mmol), and anhydrous zinc(II) 
acetate (0.037 g, 0.2 mmol) were suspended in nitrobenzene (~ 2 mL). The mixture was heated at 
185 
o
C and stirred for 6 h under a nitrogen atmosphere. The purification was performed by 
HPLC using reverse phase C18 semi-Prep column (1:99 water/methanol as a mobile phase). 
F64PcZn was isolated as a green solid (0.065 g, 32 % yield) and NHMeF51PcZn [3-5] as a green 
solid (0.038 g, 16 % yield). 
NHMeF51PcZn [3-5]: UV-Vis (CHCl3): λmax 740 (4.86), 694 (4.99), 628 (4.45), 380 (4.78) nm (L 
mol
−1
 cm
−1
); 
1
H NMR (500 MHz, (CD3)2CO): δ [ppm] = 3.74-3.73 (m, 3H, CH3); 
19
F NMR (376 
MHz, (CD3)2CO) δ [ppm] = -70.91 to -71.83 (m, 36F, CF3), -104.15 (br s, 6F, CF), -133.47 (br s, 
1F, Ar-F), -140.88 (br s, 1F, Ar-F), -151.72 (br s, 1F, Ar-F), -164.58 (br s, 6F, Ar-F); IR (NaCl): 
2919, 2850, 1727, 1462, 1379, 1247, 1169, 1093, 967, 752, 729 cm
-1
; HRMS (ESI-): calculated 
for C51H4F51N9Zn [M+HCOOH]
- 
 1819.9042, found 1819.9052 
3.2.6 Synthesis and Characterization of NMe2F51PcZn [3-6] 
Perfluoro-4,5-diisopropylphthalonitrile (Bis-1) [2-3], (0.2 g, 0.4 mmol), 4-(dimethylamino)-
3,5,6-trifluorophthalonitrile (NMe2F3PN) [2-8], (0.09 g, 0.4 mmol), and anhydrous zinc(II) 
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acetate (0.037 g, 0.2 mmol) were suspended in nitrobenzene (~ 2 mL). The mixture was heated at 
185 
o
C and stirred for 6 h under a nitrogen atmosphere. The purification was performed by 
HPLC using reverse phase C18 semi-Prep column (1:99 water/methanol as a mobile phase). 
F64PcZn was isolated as a green solid (0.07 g, 34 % yield) and NMe2F51PcZn [3-6] as a green 
solid (0.04 g, 17 % yield). 
NMe2F51PcZn [3-6]: UV-Vis (CHCl3): λmax 694 (4.95), 380 (4.77) nm (L mol
−1
 cm
−1
); 
1
H NMR 
(500 MHz, (CD3)2CO): δ [ppm] = 3.77 (br s, 6H, NMe2); 
19
F NMR (376 MHz, (CD3)2CO) δ 
[ppm] = -70.91 to -71.81 (m, 36F, CF3), -102.56 to -104.96 (m, 6F, CF), -123.52 (br s, 1F, Ar-F), 
-139.71 (br s, 1F, Ar-F), -140.44 (br s, 1F, Ar-F), -164.55 (br s, 6F, Ar-F); IR (KBr): 2923, 2852, 
1622, 1487, 1428, 1246, 1170, 1095, 968, 752, 731 cm
-1
; HRMS (ESI-): calculated for 
C52H6F51N9Zn [M+HCOOH]
- 
 1833.9198, found 1833.9230 
 
3.3 Results and Discussion 
3.3.1 Synthesis 
The symmetric planar phthalonitrile, TFPN [2-1] and bulky perfluoro-4,5-
diisopropylphthalonitrile, Bis-1 [2-3] precursor were combined for the synthesis of the 
fluorinated ZnPcs [3-2] and [3-3]. The Pcs formed by using [2-1] alone with various metal 
centers are known and many of them available commercially. The Pcs using [2-3] as a sole 
starting material with various metal centers have also been reported by our group.
22,23
 The Pcs 
formed by [2-1] are known for their aggregation behaviors, while the Pcs formed by [2-3] do not 
aggregate. Therefore, the fluorinated Pcs formed by the combination of [2-1] and [2-3] are 
thought to be useful materials with tuned properties of both phthalonitrile precursors. Some of 
these mixed Pcs formed in combination of [2-1] and the bulky [2-4] were also discovered by our 
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group.
24
 The synthetic procedure reported in the literature required a combination of n-pentanol 
and 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) as a base to initiate the macrocyclization 
reaction.
25
 This route was not chosen because [2-3] failed to yield the desired PcZn, [3-1], with 
excess DBU. The phthalonitrile [2-3] can form the PcZn, [3-1], in good yields without the need 
of DBU in n-pentanol. A microwave assisted (MW) synthetic methodology was employed to 
synthesize perfluorinated [3-2] and [3-3]. The anhydrous zinc(II) acetate, Zn(OAc)2 salt was 
used as the zinc source. Synthesis trials using different temperature ranges were performed, and 
it was found that ~ 180 to 190 
o
C is the optimum temperature range for the reaction. The lower 
or upper limits of temperature yields unreacted starting materials or favors the formation of 
degraded black/brown chars, respectively. The presence of a high boiling solvent is needed due 
to the sublimation of the fluorinated precursor; in the present case, nitrobenzene is the choice 
solvent among others, for e.g. xylene/DMF/n-pentanol/NMP etc. The reaction was performed 
using closed vessels with medium stirring speed for a short time ~ 12 minutes, as opposed to the 
classical thermal heating method which takes hours. Mixtures of Pcs were formed under these 
conditions. For example, the Pcs from precursor [2-1] and [2-3] form F16PcZn, and F64PcZn, [3-
1], respectively, while in F52aPcZn [3-2] and F40PcZn [3-3] are formed (Figure 3.1). The 
formation of F16PcZn was negligible because precursor [2-1] was used as the limiting reagent. 
The cis-geometry of F40PcZn, as shown in Figure 3.1 was confirmed by X-ray crystallography as 
opposed to the trans-geometry, where two bulky i-C3F7 substituted units were arranged on 
opposite sides. The isolation of cis complexes with larger substituents on the same side, along 
with the low yield of trans complexes were reported in literature, with an explanation of their 
method of formation.
25
  
69 
 
 Successive purifications by silica gel column chromatography was needed to successfully 
separate the mixture of [3-1], [3-2] and [3-3]. Hexane/acetone (8:2 v/v) separates two bands; the 
first green band constitutes a mixture of [3-1] and [3-2], while the second blue band contains [3-
3]. The mixture of [3-1] and [3-2] was next separated using toluene/methanol (9:1 v/v). [3-2] 
elutes first, followed by [3-1]. The utilization of toluene/methanol mixtures elutes [3-3] and [3-2] 
together followed by [3-1]; therefore two rounds of column chromatography purifications were 
required. The reverse phase HPLC purification method on C18 column using 99:1 v/v 
methanol/water as a mobile phase was also developed to separate the mixtures of [3-1] and [3-2] 
(section 3.3.4). 
 The amino substituted perfluorinated Pcs [3-4] to [3-6] were synthesized using [2-3] and 
choosing [2-6] to [2-8], respectively, with anhydrous Zn(OAc)2 as the metal source. Surprisingly, 
microwave conditions were not suitable to form [3-4] and [3-5]; only [3-1] was formed under 
these conditions. [3-4] and [3-5] were obtained via classical methods, by heating reaction 
mixtures at ~ 185 
o
C. While the reasons for this discrepancy are not clear, it can be suggested 
that the primary and secondary amine derived precursors [2-6] and [2-7] were not stable under 
microwave radiation at high temperature. The [3-6] and [3-1] can be obtained via both 
microwave and classical thermal methods. The reactions of phthalonitriles, [2-6]/[2-7]/[2-8] were 
performed with anhydrous Zn(OAc)2 using either the microwave or the classical thermal method. 
Black/brown insoluble precipitates formed exclusively. The degradation of the starting materials 
or undesired side product formations was suspected to occur from these experiments. Further 
investigation was not carried out. 
The 1:1 molar ratio of [2-3] with either [2-6] to [2-8] was employed to increase the yield 
of mono substituted Pcs [3-4] to [3-6], respectively, as opposed to the limiting ratio of [2-1] used 
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in the synthesis of [3-2] and [3-3]. It was found that fluorinated phthalonitrile [2-1] and [2-3] 
were more reactive when compared to the amine substituted [2-6] to [2-8] for Pc formation. The 
high reactivity of [2-3] resulted in high yields of Pc (F64PcZn) [3-1] formation in related 
reactions (Figure 3.1, 3.2). In order to account for the product distributions observed in these 
cases, there might be the possibility of two or three basic functional groups 
(−NH2/−NHMe/−NMe2), leading to substituted isomeric Pc mixtures or other side products 
besides the Pcs. They are ignored for a number of reasons, including their formation in small 
yields and the difficulties associated with their separation. The mixture of [3-1] and [3-4] was 
separated by column chromatography; the method was described in experimental section 3.2.4. 
The purification of the Pc mixture, [3-1]-[3-3], [3-5], [3-6], was simplified by reverse phase 
HPLC. The reverse phase HPLC purification method on a C18 column using 99:1 v/v 
methanol/water as a mobile phase was developed to separate the mixtures of [3-1] with [3-5]/[3-
6] (section 3.3.4). The developed reverse phase HPLC purification methods of ZnPcs are 
described in section 3.3.4. 
3.3.2 Spectroscopy Characterization 
 The fluorinated Pcs [3-2], [3-3] and functional fluorinated Pcs [3-4] to [3-6] were 
characterized by 
1
H, 
19
F NMR, IR and high resolution mass spectroscopic techniques. The 
characterization data of [3-1] is excluded because it has been known and obtained in good yield 
by using [2-3] alone.
19
 Attempts to acquire 
13
C NMR spectra were less successful due to several 
reasons, including solubility limits of concentrated Pc samples in deuterated solvent. There are 
no protons present in fluorinated Pc [3-2] and [3-3] so only 
19
F NMR spectroscopy data was 
acquired to identify number of aliphatic/aromatic fluorines. The fluorine signals of [3-2] to [3-6] 
are shown in Table 3.1. The 
l9
F NMR spectrum of [3-2], exhibits five signals; the primary 
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aliphatic fluorines are found at -71.53 ppm, the six aromatic fluorines adjacent to bulky –i-C3F7 
groups are found at -103.7 δ ppm, the four planar aromatic fluorine –CF appear in two set -138.7, 
-149.5 ppm, and another tertiary aliphatic fluorine of –C-F in bulky –i-C3F7 groups are found at -
164.5 ppm. Similarly the F40PcZn fluorine signals are also shown in Table 3.1. The aromatic 
fluorines of [3-4] to [3-5], show three distinct peaks similar to the starting material [2-6] to [2-8]. 
The aromatic fluorines signals of [3-4] vary because of the extreme electron deficiency of [3-4], 
which may cause disruption of the lone pair on –NH2 group and may form a negatively charged 
complex. In contrast the 
19
F NMR of the precursor [2-6] is clean. Alternatively the –NH2 group 
may form H-bonds with the ortho fluorines. The –NH2 protons of [3-4] in 
1
H NMR at 4.89 ppm, 
appears only after trifluoroacetic acid (TFA) addition. The aromatic fluorine signals were 
observed in –NHMe/ –NMe2 substituted aromatic region in [3-5]/[3-6] respectively. This may be 
due to the electron donating effects of the methyl group, which stabilizes the lone pair of the 
nitrogen atom. The origin of the observed differences remains to be elucidated. The 
19
F NMR 
chemical shifts of Pcs [3-2]-[3-6] is also compared with respective to the small Pc building 
blocks used for their synthesis [2-1], [2-3], [2-6]-[2-8] in Table 3.1. 
Table 3.1 
19
F NMR chemical shifts of perfluorinated and functional fluorinated zinc Pcs and 
small Pc building blocks (Acetone-D6, 470/376 MHz) 
Compound             No. -CF3 -CF -CF  ppm 
aliphatic aromatic (aromatic) aliphatic 
F52aPcZn [3-2] -71.53 -103.73 -138.76  -149.54 -164.57 
F40PcZn [3-3] -71.25 -103.17 -139.06  -150.59 -164.92 
NH2F51PcZn [3-4] -71.38 -104.36 -134.73 -142.10 -151.71 -164.62 
NHMeF51PcZn [3-5] -71.37 -104.14 -133.47 -140.88 -151.72 -164.59 
NMe2F51PcZn [3-6] -71.37 -104.00 -123.52 -139.71 -140.44 -164.55 
TFPN [2-1]   -128.10  -143.22  
Bis-1 [2-3] -71.47 -94.54    -165.69 
NH2F3PN  [2-6]   -126.91 -133.91 -147.05  
NHMeF3PN  [2-7]   -126.15 -133.82 -148.30  
NMe2F3PN  [2-8]   -116.06 -132.54 -136.99  
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All aromatic C-F 
19
F NMR chemical shift positions of the Pcs were found to be downfield 
compared to the 
19
F chemical shifts position (aromatic C-F) of their respective small 
phthalonitrile building blocks. The chemical shift differences (Δδ) were found to be 6-11 ppm 
downfield for the aromatic C-F of perfluorinated [3-2] and [3-3] vs. the phthalonitrile precursors 
[2-1] and [2-3]. Similarly, a difference of ~ Δδ = 3 – 8 ppm was observed in the aromatic C-F of 
functional fluorinated [3-4]-[3-6] compared to their phthalonitrile building blocks [2-6] to [2-8]. 
The aliphatic –CF3 (i-C3F7) 
19
F chemical shifts of Pcs and Bis-1 were not changed, the 
differences were found to be less than ~ Δδ = 0.2 ppm (Table 3.1). Similarly, aliphatic C-F of 
Bis-1 portion of Pc and Bis-1 changed very little ~ Δδ = 1 ppm. The –CH3 protons of [3-5] and 
[3-6] were found at 3.73, 3.77 ppm, respectively, in 
1
H NMR spectrum acquired in deuterated 
acetone. 
 The FT-IR spectra of the fluorinated zinc Pcs [3-2] to [3-6] show aromatic/aliphatic C-F 
stretching features in the fingerprint region. The absences of –CN stretching in the IR spectra of 
Pcs were indicative of the complete transformation of the starting phthalonitriles, [2-1], [2-3] and 
[2-6]-[2-8]. The asymmetric and symmetric ν(C–F) stretching vibrations of the CF3 and Ar-F 
groups appear in the ~ 1100-1300 cm
−1
 region, with the strongest band ~ 1247 cm
−1
 appearing in 
all Pcs [3-2] to [3-6] due to the overlap in vibrations. The medium intensity ν(C–F) band ~ 1170-
1148 cm
-1
 in [3-2]/[3-3], shifted to ~ 1169-1093 cm
-1
 in [3-4]-[3-6] are due to in-plane stretching 
vibrations of aromatic fluorine atoms. The multiple, conjugated ν(C=C) and ν(C=N) stretching 
modes of the Pcs are seen as medium to strong bands in the 1450–1650 cm−1 range. 
 The molecular mass of ZnPcs [3-2] to [3-6] was confirmed by high resolution mass 
spectrometry (HRMS). The electrospray ionization in negative mode techniques was used to 
identify the molecular mass of the perfluorinated and functional fluorinated zinc Pcs. Table 3.2, 
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below, represents the techniques, molecular formula, molecular masses and observed vs. 
calculated masses of all compounds.  
Table 3.2 The high resolution mass spectroscopy data of perfluorinated and functional 
fluorinated zinc Pcs 
No. Mol. Formula Mol. Wt. Technique Obs. Calc. 
[3-2] C50F52N8Zn 1765.8856 ESI-(M+HCOOH)
- 1808.8691 1808.8682 
[3-3] C44F40N8Zn 1465.8405 ESI-(M+HCOOH)
- 1508.8811 1508.8874 
[3-4] C50H2F51N9Zn 1762.9097 ESI-[M+Cl]
- 1795.8603 1795.8604 
[3-5] C51H4F51N9Zn 1776.9363 ESI-(M+HCOOH)
- 1819.9052 1819.9042 
[3-6] C52H6F51N9Zn 1790.9629 ESI-(M+HCOOH)
- 1833.9230 1833.9198 
  
 The full spectroscopic characterization of fluorinated zinc Pcs [3-2], [3-3], and functional 
fluorinated zinc Pcs [3-4]-[3-6] are presented in this chapter. The 
19
F NMR processed spectra of 
[3-2] and [3-3] are presented in Figure A.13 to A.14, while 
1
H, 
19
F NMR spectra of [3-4] to[3-6] 
are presented in Figure A.15 to A.20. The IR spectra of [3-2] to [3-6] are presented in Figure B.7 
to B.11. The high resolution mass spectra of [3-2] to [3-6] are presented in Figure C.7 to C.11. 
3.3.3 UV-Vis Spectroscopy 
 The Pc is a highly conjugated aromatic macrocycle. The deep green/blue colors of Pcs [3-
2]-[3-6] are strongly reflected by their UV-Vis spectra (π-π* transition). The strong, intense 
absorptions in the 600-800 nm region are referred to as “Q bands”, while another low intensity 
band in the 300-450 nm region, are called the “Soret band” or “B band”. Several theoretical 
calculations were reported on the energy levels of molecular orbitals and associated electronic 
transition for porphyrins and PcMs class of molecules. The most popular four orbital model was 
proposed by Gouterman et al, and expanded by Lever and Stillman, is still widely accepted for 
all the possible transitions observed in the UV-Vis spectrum of porphyrins and Pcs.
26-28
 UV-Vis 
spectroscopy of fluorinated ZnPcs [3-2] to [3-6] was recorded in chloroform and ethanol. The 
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choice of these two solvents was based on earlier findings of solvent-promoted aggregation 
phenomena of the Pc macrocycles, which limits their photo-physical and chemical properties.
29
 
The aprotic polar chloroform prevents aggregation, which protic, polar ethanol promotes 
aggregation in solution. The aggregation behavior of Pcs is also dependent on their molecular 
structure composition, such as the central metal atom and substitutions patterns. Bulky 
substituents present on organic ligands or bulky axial metal coordinating solvents disfavor 
aggregation. In contrast, the planar organic ligand favors aggregation/dimerization by bringing 
two units of Pc close enough to form π-π stacks. The shift of the Q band or its broadening in the 
UV-Vis spectrum reveal aggregation phenomena in solution due to coupling of two conjugated 
aromatic systems. The aggregations of Pc also may result in deviations from the Lambert-Beer 
Law, influencing sample quantitation in solution. 
 The molar extinctions coefficients of [3-2]-[3-6] were determined for each absorption 
maximum identified in the spectrum from the slope of the linear fit of absorption maxima vs. 
total Pc concentration. A minimum of six successive dilutions of Pc, yielding concentrations 
ranging from 2 to 24 µM were chosen for calculation. Tables 3.3 below summarize the data of 
molar extinctions coefficients calculated for all absorption bands of Pcs [3-2]-[3-6]. The 
concentration-dependent UV-Vis spectra of ZnPcs [3-2]-[3-6] and Lambert-Beer linearity plots 
obtained with chloroform are provided in Figure 3.3. The similar plots with ethanol solvent are 
provided in Figure D.1-D.5. 
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(a) 
(b) 
(c) 
(d) 
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Figure 3.3 UV-Vis electronic absorption spectra of [3-2]-[3-6] in chloroform, showing Lambert-
Beer plot of the Q band absorption maxima (a)-(e) respectively. 
 
Table 3.3 UV-Vis absorption maxima and its molar extinction coefficients of perfluorinated and 
functional fluorinated zinc Pc. 
Compound No. Solvent λmax (log ε) nm (L mol
-1
 cm
-1
) 
F52aPcZn [3-2] chloroform 702 (5.12), 674 (5.03), 610 (4.36), 382 (4.67) 
ethanol 696 (5.03), 666 (4.95), 608 (4.31), 384 (4.65) 
F40PcZn [3-3] chloroform 686 (5.05), 616 (4.35), 374 (4.59), 318 (4.46) 
ethanol 672 (4.61), 638 (4.51), 366 (4.46), 314 (4.40) 
NH2F51PcZn [3-4] chloroform 728 (4.88), 684 (4.89), 618 (4.28), 380 (4.63) 
ethanol 728 (4.88), 680 (4.73), 622 (4.21), 382 (4.60) 
NHMeF51PcZn [3-5] chloroform 740 (4.86), 694 (4.99), 628 (4.45), 380 (4.78) 
ethanol 732 (4.72), 686 (4.90), 384 (4.75) 
NMe2F51PcZn [3-6] chloroform 694 (4.95), 380 (4.77) 
ethanol 712 (4.87), 702 (4.86), 680 (4.93), 382 (4.75) 
(d) 
(e) 
77 
 
The high molar extinction coefficient values of ZnPcs [3-2]-[3-6] is evidenced by the intense 
absorptions in the Q band region (600-800 nm). The fluorinated ZnPc [3-2] show molar 
absorptivities greater than 10
5
 L mol
-1
 cm
-1
 for their Q bands at 702 and 674 nm in chloroform 
(Table 3.3). Such high values are also observed for [3-3] at 686 nm in chloroform. The Q band 
splitting into two bands with different intensities, as observed in [3-2], [3-4]-[3-6] are due to the 
loss of the effective 4-fold symmetry in F64PcZn [3-1]. The near IR absorptions maximum > 700 
nm, observed for [3-2], [3-4]-[3-6] are the lowest energy transitions. It is suggested that 
perfluorination obtained via combination of aromatic and aliphatic (i-C3F7) groups further 
depress the energy of the frontier electronic orbitals with increase in the number of fluorine 
atoms, validating previous computational results.
19,20
 
 The UV-Vis spectra of [3-2] in chloroform and ethanol looks almost identical, which 
suggests solvent independent non-aggregation behavior of Pc, as reported for [3-1]. Such non-
aggregating properties arise due to the bulky aliphatic (i-C3F7) substituents on the molecular 
periphery, and 75% structural resemblance of [3-2] with [3-1]. The Q band maxima splitting gap 
(28-30 nm) is observed in the UV-Vis spectra of [3-2] collected in chloroform and ethanol, 
respectively. The F40PcZn [3-3] is partially aggregated in ethanol solution, as shown by the 686 
nm Q band in chloroform that splits into two bands 672, 638 nm in ethanol. A shift of 14 and 48 
nm in the Q band maxima in ethanol is noted. The Q-band gap of 34 nm is observed in the UV-
Vis spectra of [3-3] collected in ethanol. The slight broadening and decrease in intensity of the 
second, most intense Q band of [3-4], [3-5] suggests partial aggregation of these Pcs. The close 
merged second peak in the Q band of [3-6] in ethanol as compared to a single slightly broad peak 
in chloroform also suggests partial aggregation of [3-6] (Figure 3.4). 
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Figure 3.4 Normalized UV-Vis absorption spectrum comparison of [3-2]-[3-6] in chloroform 
(a)-(e) respectively (black, least aggregation) and ethanol (red, most aggregation). 
 
(a) (b) 
(c) (d) 
(e) 
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 Q band gaps of 44 and 46 nm are observed in the UV-Vis spectrum of [3-4] and [3-5], 
respectively collected in chloroform. These gaps are ~ 10-18 nm wide in [3-4], [3-5] as 
compared to the gaps observed in perfluorinated complexes [3-2], [3-3]. The discrepancy may 
due to highly asymmetric structures of mono functional groups containing ZnPcs. In general, the 
Q band of [3-4]-[3-6] are broader in chloroform/ethanol, because of the low symmetry created by 
non planar substituents containing mixed aliphatic/aromatic C-F bonds and amino functionalities 
at the periphery. 
3.3.4 HPLC Purification 
 Separation methods for the mixture of perfluorinated ZnPcs [3-1]-[3-3] and [3-5], [3-6] 
have been developed successfully using reverse phase HPLC. The separation of the reaction 
mixture leading to the isolation of [3-4] was difficult due to the similar retention times of [3-1] 
(7.1 min) and [3-4] (7.1 min), as well as the low yield (4%) of [3-4]. The utilization of 
acetonitrile and water failed to give better results. Longer retention times and broadening of 
peaks were observed, consistent with reports in literature for other substituted MPcs.
30
 The 
combination of methanol and water was found to be ideal for the separation of the perfluorinated 
and functional fluorinated zinc complexes ([3-1]-[3-3] and [3-5], [3-6]) on a reverse phase C18 
column (5 µm particle size).  
3.3.4.1 Separation of fluorinated ZnPc components 
 All three fluorinated ZnPcs shown in Figure 3.5 were formed in one pot when 
combinations of TFPN [2-1] and Bis-1 [2-3] reacted with zinc(II) acetate at 185 
o
C, Figure 3.1. 
The reduction in steric bulk of fluorinated ZnPcs [3-2], [3-3] as shown in Figure 3.5, causes 
partial aggregation which greatly influences the Lewis acidity of the metal center. These 
differences in structural compositions have profound effects on the retention time of the ZnPcs. 
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Taken together, these findings suggest that separation methods of this class of complexes are 
worth developing for their large scale preparation, as well as for the qualitative and quantitative 
analyses of fluorinated Pcs. 
 
Figure 3.5 The structure of fluorinated ZnPcs F64PcZn [3-1], F52aPcZn [3-2] and F40PcZn [3-3]. 
 
 The analytical and large scale separation was performed as described in the experimental 
section 3.2.2. For analytical separations, 0.5 mg of a crude mixture of zinc perfluorinated 
phthalocyanines was dissolved in 1.0 ml ethanol. The 10.0 µL injection of this crude mixture 
produced the chromatograms shown in Figure 3.6. The mobile phase composition was 99:1 v/v 
methanol/0.1M aqueous formic acid with flow rate kept at 1.0 mL/min. The first peak eluted at 
5.63 min showed the mass of F64PcZn [3-1] with formate ion attached (m/z 2108.8529) to it; 
while the second eluted peak (7.79 min) showed the mass of F52aPcZn [3-2] with formate ion 
(m/z 1808.8691) and the last eluted peak (15.34 min) corresponds to F40PcZn [3-3] with formate 
ion (m/z 1508.8811). The obtained high resolution mass data matched the theoretical mass for all 
separated and characterized peaks. 
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Figure 3.6 Analytical chromatogram of crude ZnPc reaction products. 
 
The purity of the manually separated peaks of [3-1]-[3-3], obtained from the analytical column 
effluent, was confirmed by re-injecting the isolated components in the HPLC and overlaying 
their chromatograms with the crude samples’ chromatograms of the fluorinated ZnPcs before 
high resolution mass analysis. Figure 3.7 shows the retention times matched and confirms no 
overlap of the separated components. 
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Figure 3.7 The overlay chromatogram of analytically separated ZnPc products. Color code: 
F52aF40PcZn crude, red; F64PcZn, green; F52aPcZn, blue. 
 
3.3.4.2 Large-scale separation of fluorinated ZnPc components 
 The scale up separations of the fluorinated ZnPcs [3-1]-[3-3] were performed by injecting 
100 µL of crude products (20.0 mg/mL) and separating them on a reverse phase semi-prep 
HPLC column. The flow rate was kept at 4.2 mL/min with detection at λmax 670 nm. A 
representative semi-preparative chromatogram is shown in Figure 3.8. It was ideal to separate [3-
3] by column chromatography on silica gel using 8:2 v/v of hexane/acetone mixtures. [3-1] and 
[3-2] were found to elute together during column chromatography as a first green band, followed 
by a separate blue band corresponding to [3-3]. It was much easier to separate [3-3] by column 
chromatography using hexane/acetone mixture, while [3-1] and [3-2] were separated by reverse 
phase HPLC. The separation was carried out on analytical HPLC instrument by installing a large 
2 mL loop and 2000 µL syringe. The maximum flow rate was 10.0 mL/min. 
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Figure 3.8 The semi-preparative chromatogram of crude perfluorinated ZnPc reaction products. 
 
 As shown in Figure 3.8, the retention times are longer as compared to the retention times 
of the 40% shorter analytical column, but the order of elution of peaks was identical.  
3.3.4.3 Separation of functional fluorinated ZnPc components 
 The synthesis of [3-5] and [3-6] are described in the experimental sections 3.2.5 and 
3.2.6, respectively. [3-5] and [3-1] as shown in Figure 3.9 was formed in one pot with 
combinations of NHMeF3PN [2-7] and Bis-1 [2-3] reacted with zinc(II) acetate at 185 
o
C for ~ 6 
h (scheme, Figure 3.2). Similarly, [3-6] and [3-1], Figure 3.9 are formed in one pot when 
combinations of NMe2F3PN [2-8] and Bis-1 [2-3] are reacted with zinc(II) acetate at 185 
o
C for ~ 
6 h (scheme, Figure 3.2). 
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Figure 3.9 The structure of perfluorinated ZnPcs F64PcZn [3-1], NHMeF51PcZn [3-5] and 
NMe2F51PcZn [3-6]. 
 
 The crude reaction mixture of [3-5]-[3-1] and [3-6]-[3-1] were pretreated according to 
procedures described in the experimental section 3.2.2 before HPLC separation. The analytical 
separation was carried out a small quantity (~ 5 mg) of the crude mixture of fluorinated zinc 
phthalocyanines [3-5] and [3-6]. Both crude samples were dissolved in 1.0 ml ethanol in two 
separate vials. The 10.0 µL injection of both of these solutions produced the chromatograms 
shown in Figure 3.10 and Figure 3.11, respectively, using a reverse phase C18 column. The 
mobile phase composition was 99:1 methanol/0.1 M aqueous formic acid. The first peak eluted 
at 6.83 min and showed the mass corresponding to F64PcZn [3-1] with formate ion (m/z 
2108.8529); the second peak eluted at 10.42 min and showed the mass of NHMeF51PcZn [3-5] 
with formate ion (m/z 1819.9052). The obtained high resolution mass data matched the 
theoretical weights for all separated and characterized peaks. 
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Figure 3.10 Analytical chromatogram of crude methylamine ZnPc reaction products. 
 
 Similarly, the isolation and characterization of the peaks eluted at 6.88 and 13.11 min for 
the crude mixture of [3-6], proved the presence of F64PcZn [3-1], (m/z 2108.8529) and 
NMe2F51PcZn [3-6], (m/z 1833.9230) with their corresponding formate ion adducts (Figure 
3.11). The obtained high resolution mass data matched the theoretical masses for all separated 
and characterized peaks. 
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Figure 3.11 Analytical chromatogram of crude dimethylamine ZnPc reaction products. 
 
 The purity of the manually separated peaks of [3-1], [3-5] as well as [3-1], [3-6] (from the 
analytical column effluent), was confirmed by re-injecting the separated components in the 
HPLC and overlaying their chromatograms with the crude sample’s chromatogram of fluorinated 
ZnPcs before high resolution mass analysis. Figures 3.12 and 3.13 showed the retention times of 
the manually separated peaks that matched the retention times of the crude sample 
chromatograms and confirms no overlap of manually separated components. 
 
87 
 
 
Figure 3.12 Overlay chromatograms of analytically separated methylamine ZnPc products. 
Color code: NHMePcZn crude, blue; F64PcZn, red; NHMeF51PcZn, green. 
 
Figure 3.13 Overlay chromatograms of analytically separated dimethylamine ZnPc products. 
Color code: NMe2PcZn crude, red; F64PcZn, green; NMe2F51PcZn, yellow. 
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3.3.4.4 Large-scale separation of functional fluorinated ZnPc components 
 The separations scale-up of fluorinated ZnPcs [3-1]-[3-5] as well as [3-1]-[3-6] were 
performed on the reverse phase semi-Prep HPLC column. The mobile phase was composed of 
premixed methanol/water (99:1). The injection volume was 100 µL per injection from 20.0 
mg/ml crude product solutions. The separation time was 30.0 min for both reaction mixtures. 
Representative semi-preparative chromatograms of two reaction mixtures are shown in Figure 
3.14 and Figure 3.15. All the peaks were collected manually and kept in separate flasks. The 
isolated samples were concentrated under reduced pressure by using rotary evaporator to obtain 
solid materials. 
 
Figure 3.14 The semi-preparative chromatogram of crude methylamine ZnPcs. 
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Figure 3.15 The semi-preparative chromatogram of crude dimethylamino ZnPcs. 
 
 The analytical separation method of all the ZnPcs described in this chapter was 
developed successfully, except for [3-4]. The separation ZnPcs were also carried out on large 
scale using reverse phase C18 semi-Prep column. 
3.3.5 Crystal Structures and Solid-state study 
 X-ray quality crystals of F40PcZn were obtained by co-crystallizing the molecules with 
triphenylphosphine oxide from a chloroform/toluene (3:1) mixture at ambient temperature. The 
ORTEP representation of F40PcZn
.
(OPPh3) at 30% probability is shown in Figure 3.16. The 
chloroform and toluene molecules of solvation are omitted for clarity. The crystal system is 
triclinic, space group P-1. The size of the crystal selected for diffraction was 0.56 x 0.26 x 0.12 
mm
3
. The full-matrix block least-squares method on F
2
 was used to refine the crystal structure, 
yielded final R value 0.0804 with goodness of fit on F
2
 = 0.995. The slightly higher final R value 
is due to the complexity and size of the structure. The oxygen atom of OPPh3 is co-ordinate 
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axially the N4, equatorially coordinated Zn atom. The two bulky phenyl groups are tilted towards 
the bulky half of the molecule, which contains the 4-i-C3F7 groups.  
 
Figure 3.16 X-ray structure of F40PcZn(OPPh3) in ORTEP representation at 30% probability. H 
atoms, as well as co-crystallized solvation chloroform and toluene molecules are omitted for 
clarity. Only one of the two crystallographically independent molecules is shown. Color code: C, 
gray; F, light green; N, blue; O, red; P, pink; Zn, dark green. 
 
 The crystal packing diagram of F40PcZn
.
(OPPh3) is shown in Figure 3.17. It reveals π-π 
stacking interaction between the planar halves of the macrocycles. The central zinc atom is 
slightly above the molecular plane from due to the axial co-ordination. The bond length of the 
zinc-oxygen atom of OPPh3 is 2.01 Å.
 
The columnar stacking is observed by systematic partial 
stacking of the molecules on top of each other. Interestingly, the two phenyl groups of OPPh3 
rest on the grooves created on one side of the molecule, due to four bulky i-C3F7 groups thus 
stabilizing the molecule in a unique fashion. 
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Figure 3.17 Crystal structure packing of F40PcZn(OPPh3) in capped sticks representations, with 
H atoms omitted. (a) Side and top views of the dimers formed by π–π stacking. (b) Side view of 
the dimer motif, showing minimal structural distortion of the ligand. (c) Columnar stacking of 
dimer assemblies. The i-C3F7 groups in (a) and (c) are depicted as van der Waals spheres. Color 
code: C, gray; F, green; N, blue; Zn, purple; O, red; P, orange. 
 
 A phenyl ring of PPh3=O form π-π stacking with one bulky, i-C3F7 substituted ring of 
F40PcZn. The energy of aggregation appears to be high, resulting therefore in the formation of 
dimers observed in solid state, despite of bulky PPh3=O. The central metal zinc in F40PcZn 
(a) 
(b) (c) 
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prefers penta co-ordination rather than hexa co-ordination. The hexa co-ordination was observed 
in the symmetric and highly electron deficient non-aggregating F64PcZn with two co-
coordinating acetone molecules above and below the zinc center.
19
 The preference of penta co-
ordination in F40PcZn may be due to increased force of partial aggregation and presence of few 
strong electron withdrawing bulky aliphatic i-C3F7 groups compared to F64PcZn. The complete 
crystallographic data of F40PcZn [3-3] is presented in Appendix K. 
 
3.4 Conclusions 
 The first asymmetric perfluoro phthalocyanines of intermediate steric hindrance F52aPcZn 
[3-2] and F40PcZn [3-3] were synthesized and characterized successfully. F40PcZn [3-3], a 
sterically hindered cis-perfluorinated isomer forms easily from a mixture of precursors. 
Aggregation in the solid-state via π-π stacking and solvent-dependent aggregation in solution 
was also observed for F40PcZn [3-3]. The asymmetric mono functional fluorinated ZnPcs [3-4]-
[3-6] were synthesized and characterized, while their purifications were developed on reverse 
phase C18 HPLC. The mono functional ZnPcs [3-4]-[3-6] were found to be red-shifted as 
compared to fluorinated ZnPcs [3-2]-[3-3]. The F52aPc and cis-perfluorinated F40Pc scaffold 
might be suitable for next generation catalytic applications and electronic materials due to partial 
aggregation. The mono functional group containing fluorinated ZnPcs [3-4]-[3-6] may be 
suitable for surface chemistry and bioconjugation. 
 The proof of retention of energy transfer capability for all ZnPcs [3-2]-[3-6] are provided 
in Chapter 5. The two types of architecture, (i) containing fully “Teflon coated” with potential 
partial aggregating characteristic (2
nd
 generation) viz F52aPcZn, F40PcZn and (ii) exhibiting 
“mono functional Teflon coated” anchoring ZnPcs (3rd generation) NRR’PcZn (R, R’ = −H, 
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−Me) will be an ideal class for the development of future applications based on already proven 
non-aggregating series of F64Pc class (1
st
 generation). 
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CHAPTER 4 
 
FUNCTIONAL FLUORINATED COBALT PHTHALOCYANINES 
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4.1 Introduction 
Transition metal compounds are attractive for catalytic research due to their electron 
transfer capabilities, relevant to many catalyzed reaction systems.
1
 The construction of organic 
frameworks surrounding active sites can tune oxidation and reduction potentials to mimic 
enzyme functionality as active sites, including those of cytochrome P-450.
2
 The biomimetic 
versions of the cytochrome P-450 enzymes are well represented by porphyrin and related 
macrocyclic compounds, used to study various redox pathways present in catalytic systems.
3
 
Among the macrocycles, porphyrin-like phthalocyanines (Pc) are attractive and more suitable for 
the development of biomimetic catalysis due to their stability. Over seventy metals have been 
incorporated into Pc macrocycles with a variety of organic and axial ligands. The latter can tune 
the catalytic activity of the metal center.
4
 The open shell d-orbital metallo Pcs, such as those 
containing cobalt are widely used in solution and solid state catalysis.
5
 
Many industrial catalytic applications such as Fischer-Tropsch synthesis (FTS), partial 
oxidation of methane to syngas, steam reforming of ethanol and methane, mercaptan oxidation 
(MEROX) require cobalt- and CoPc catalysts.
6-9
 CoPc complexes were found to be useful in 
catalyzing oxidation reactions involving aliphatic C-H bonds, olefins, aromatic, phenol, alcohols, 
sulfur, polysaccharides such as lignin and cellulose.
10-16
 They catalyze many reduction reactions, 
such as reductions of nitro, nitrile and nitrate compounds, reductive amination of aldehydes with 
amines, selective reduction of flavons, and isoflavons.
17-19
 Several substituted CoPc complexes 
have been shown to be relatively more selective in catalyzing certain reactions compared to other 
metallo Pcs, such as aromatic chlorination, addition of polychlorinated compounds to olefin, and 
hydrolysis of imines.
20,21
 A large number of various derivatives of CoPcs are useful materials for 
redox catalysis.
22
 The thermal stability and redox properties of CoPcs used for catalyzing various 
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reaction systems were improved by using these complexes in combination and in conjugation 
with various solid surfaces, such as modified silica gels, carbon black, zeolites, alumina, 
polymeric supports
23
 etc. This area will likely be continuously developed in the future for 
various catalytic applications. 
The thermal and chemical stabilities of CoPcs are desired in harsh catalytic environments 
to increase turn over number (TON). Although the Pc is a thermally stable material, its thermal 
stability was enhanced by the halogenation of the sixteen C-H bonds of the parent H16Pc.
24
 The 
resulting cobalt complex, F16PcCo was found to be more soluble in organic solvents and more 
thermally stable compared to its protio H16PcCo counterpart. The susceptibility of the stronger, 
aromatic C-F bonds of F16PcCo to nucleophilic reactions was eliminated by replacing the eight 
peripheral aromatic C-F substituents with bulky aliphatic iso perfluoro groups (Rf = i-C3F7), 
resulting in F64PcCo, as reported by our group.
25
 The F64PcCo exhibits enhanced organic 
solubility, non aggregating character, thermal stability and chemically inertness due to the 
protective effects of the eight peripheral and sterically bulky i-C3F7 substituents. Moreover, the 
F64PcCo has been shown to be redox active in the homogeneous catalytic oxidation of thiols 
(MEROX), and exhibits an enhanced reactivity spectrum in MEROX compared to the parent 
H16/F16PcCo.
26 
 
 The perfluoroalkylated perfluorinated F64PcCo is a highly symmetric molecule (effective 
symmetry D4h), and the metal center is more acidic due to the electron-withdrawing effect of 
eight aromatic C-F bonds and eight aliphatic iso-perfluoroalkyl (i-C3F7) groups (1:1 ratio). 
Considering the above, low symmetry molecules with different aliphatic/aromatic F ratios might 
be able to tune the redox potential of central cobalt atom and thus the complex reactivity. 
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 In order to reach this goal, five new molecules were designed. They exhibit intermediate 
structures in between F16PcCo and F64PcCo. The two intermediate perfluorinated F52aPcCo [4-2] 
and F40PcCo [4-3] (Figure 4.1), have an increased number of aromatic C-F bonds compared to i-
C3F7 substituents, creating the ratio of aliphatic (i-C3F7)/aromatic (C-F bonds) 1:1.7 and 1:3, 
respectively. A low ratio suggests the complexes are prone to aggregation, and as ratio 
approaches to unity the complexes acquire non aggregating behavior. The higher this ratio also 
means higher the Pc metal electronic deficiency. 
 
 
 
Figure 4.1 Synthetic schemes for preparing perfluorinated cobalt phthalocyanines. 
 
The X-ray crystal structures of both complexes are presented in this chapter. The F40PcCo [4-3] 
complex was found to exhibit cis-geometry similar to its Zn counterpart (F40PcZn, see Chapter 
3). These complexes would be useful for catalytic and electronic applications due to their 
asymmetry and partial aggregation with balanced features related to F16PcCo and F64PcCo.  
 While perfluoro complexes are of obvious interests for catalysis applications, the 
introduction of additional functional groups at the periphery of the macrocycle will provide 
additional opportunities for constructing functional materials. 
 To reach this goal, three cobalt complexes, abbreviated R-F51PcCo, with small electron-
donating mono functional groups, –NH2 [4-4], –NHMe [4-5], –NMe2 [4-6] were also designed 
Figure 4.2. They define the R-F51PcCo class with the R = amino group. 
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 The complexes exhibit no symmetry and have possibly electron push (–NH2, –NHMe, –
NMe2)-pull (−F, Rf = –C3F7) effects due to electron donating and strong electron withdrawing 
groups, respectively.  
 
 
 
 
Figure 4.2 Synthetic schemes for preparing functional amino-fluoro cobalt phthalocyanines. 
 
The electronic transfer capabilities of these new classes of molecules were investigated by model 
thiol oxidation (MEROX) reactions, discussed in Chapter 6. The present chapter discloses their 
synthesis and purification via HPLC, as well as characterization via 
19
F, IR, high resolution mass 
spectrometry (HRMS), UV-Vis spectroscopy and single-crystal X-ray crystal structures of [4-2], 
[4-3] and [4-6]. These perfluorinated [4-2], [4-3] and functional fluorinated CoPcs [4-4]-[4-6] are 
more suitable to develop the next generation homogeneous/heterogeneous catalysis. This is due 
to their partial solvent dependent aggregation properties as well as having mono functional 
groups for conjugation with surface materials and macromolecules. 
 
4.2 Experimental Section 
4.2.1 General Experimental 
All solvents (ACS grade or better) and reagents were purchased from commercial sources 
and used as is, unless stated otherwise. The fluorinated precursor tetrafluorophthalonitrile was 
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purchased from TCI Co., Ltd. Perfluoro-(4,5-diisopropyl)phthalonitrile [2-3] and the fluorinated 
functional precursor [2-6]-[2-8], were prepared according to procedures described in Chapter 2. 
Deuterated solvents were purchased from Cambridge Isotope Laboratories. Chromatographic 
separations were carried out on silica gel (63–200 μm). Thin-layer chromatography was 
performed on pre-coated aluminum-backed silica gel 60 F254 plates. 
1
H and 
19
F NMR spectra 
were obtained at ambient temperature on Varian Inova 500 and 400 MHz instruments. 
1
H 
chemical shifts are reported in ppm and referenced to standard deuterated solvents that contain 
residual protons. The 
19
F chemical shifts are reported in ppm relative to an internal CFCl3 (δ = 
0.00) standard. The NMR spectral data was processed with the ACD/NMR Processor software 
(ACD labs). Infrared spectra were obtained on a Nicolet 4700 FT-IR (ThermoElectron Co.) 
spectrometer coupled with OMNIC software (driver version: 7.1). The samples for infrared 
spectroscopy were prepared by evaporating in air a dichloromethane solution of the compound 
forming a thin film on NaCl plates or via KBr pellets. Electronic absorption spectra were 
collected with a HP Diode array spectrophotometer 8425A. High-resolution mass spectra 
(HRMS) were acquired at the University of Michigan (Ann Arbor, MI) by electrospray 
ionization in the positive mode (ESI+)/negative mode (ESI-), or atmospheric pressure chemical 
ionization in the negative mode (APCI-). 
4.2.2 General HPLC methodology 
All mobile phases were composed of deionized (DI) water and commercially available 
HPLC grade methanol. The DI water was obtained from a Millipore machine; formic acid was 
used to prepare a 0.1 M aq. formic acid solution for analytical separations. An isocratic 
separation mode was used for the semi-preparative scale separations; the mobile phase was 
composed of the premixed solvent system.  
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 The crude products obtained in reaction mixtures were pre-separated via flash 
chromatography with a hexane/toluene mixture to remove unreacted precursors and other side-
products, and finally separated with a 1:1 v/v mixture of hexane/acetone to yield only mixtures 
of perfluorinated CoPcs. 
4.2.2.1 Reverse Phase Method Parameters 
HPLC: Waters 2695 Separations Module  
Detector: Waters 2487 Dual λ Absorbance Detector set at 670 nm  
Column: Agilent Eclipse RP XDB-C18 5µ 4.6 x 150 mm (analytical) and Agilent Eclipse RP 
XDB-C18 5µ 9.4 x 250 mm (semi-Preparative) 
Flow rate: 1.0 mL/min (analytical) and 4.2 mL/min (semi-Prep.) 
Crude sample concentrations: 0.5 mg/mL (analytical) and 20 mg/mL (semi-Prep.) 
Injection volume: 10 µL (analytical) and 100 µL (semi-Prep.) 
Semi-prep Column: Agilent Eclipse XDB-C18 5µ 9.4x250mm reverse phase column.  
Flow-rate: 4.2 mL/min 
4.2.2.2 Analytical Isocratic Normal Phase Method Parameters 
HPLC: Waters 2695 Separations Module  
Detector: Waters 2487 Dual λ Absorbance Detector set at 670 nm  
Column: Luna 5µ Silica 100 Å; Flow rate: 0.4 mL/min; Crude sample concentration: 0.5 mg/mL 
(analytical); Injection volume: 10 µL (analytical) 
Solvent mixtures: Acetone, Hexane and Methanol 
4.2.3 Synthesis and Characterization of F52aPcCo [4-2] and F40PcCo [4-3] 
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Perfluoro-(4,5-diisopropyl)phthalonitrile (Bis-1) [2-3], 0.2 g (0.4 mmol), tetrafluoro-
phthalonitrile (TFPN) [2-1], 0.04 g (0.2 mmol), and anhydrous cobalt(II) acetate tetrahydrate 
0.05 g (0.2 mmol), were mixed with a few drops of nitrobenzene in a glass vial, sealed with a 
Teflon cap and heated in a microwave reactor at 185 
o
C for 12 minutes. The purification was 
performed by HPLC using a reverse phase C18 semi-prep column (6:94 water/methanol as a 
mobile phase). The F40PcCo [4-3] was isolated first as a blue solid (0.008 g, 3 % yield), F52aPcCo 
[4-2] was isolated second as a blue-green solid (0.027 g, 12 % yield), and F64PcCo [4-1] was 
isolated third as a blue solid (0.031 g, 15 % yield). 
F52aPcCo [4-2]: UV-Vis (CHCl3): λmax (log ε) 692 (4.99), 666 (4.96), 604 (4.43), 352 (4.70) nm 
(L mol
-1
 cm
-1
); 
19
F NMR (376 MHz, (CD3)2CO) δ [ppm] = −70.10 to −72.55 (m, 36F, CF3), 
−102.71 to −109.03 (m, 6F, Ar-F), −142.67 (br s, 2F, Ar-F), −157.07 (br s, 2F, Ar-F), −165.80 
(br s, 6F, CF); IR (KBr, selected bands): 1529, 1286, 1250, 1170, 1102, 962, 732 cm
-1
; HRMS 
(ESI-): m/z calculated for C50CoF52N8 [M]
-
, 1758.8753, found 1758.8759. 
F40PcCo [4-3]: UV-Vis (CHCl3): λmax (log ε) 672 (4.89), 607 (4.26), 352 (4.48) nm (L mol
-1
 cm
-
1
); 
19
F NMR (376 MHz, (CD3)2CO) δ [ppm] = −70.06 to −73.06 (m, 24F, CF3), −104.88 (br s, 
4F, Ar-F), −142.52 (br s, 4F, Ar-F), −153.05 to −158.77 (br s, 4F, Ar-F), −163.90 to −166.37 (m, 
4F, CF); IR (NaCl plate, selected bands): 1528, 1480, 1251, 1170, 1104, 964, 730 cm
-1
; HRMS 
(ESI-): m/z calculated for C44CoF40N8 [M]
-
, 1458.8945, found 1458.8919. 
4.2.4 Synthesis and Characterization of NH2F51PcCo [4-4] 
Perfluoro-4,5-diisopropylphthalonitrile (Bis-1) [2-3], (0.2 g, 0.4 mmol), 4-amino-3,5,6,-
trifluorophthalonitrile (NH2F3PN) [2-6], (0.08 g, 0.4 mmol), and cobalt(II) acetate tetrahydrate 
(0.05 g, 0.2 mmol) were suspended in nitrobenzene (~ 2 mL). The mixture was heated to 185 
o
C 
and stirred for 6 hrs under a nitrogen atmosphere. The purification was performed by column 
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chromatography on silica gel using 9.5:0.5 to 8:2 v/v mixtures of hexane/acetone. The isolated 
bands were further purified by column chromatography. The F64PcCo [4-1] was isolated as a 
blue solid (0.041 g, 20% yield), and NH2F51PcCo [4-4] as a greenish-blue solid (0.03 g, 13% 
yield). 
NH2F51PcCo [4-4]: UV-Vis (CHCl3): λmax 685 (4.65), 625 (4.12), 350 (4.39) nm (L mol
−1
 cm
−1
); 
IR (KBr): 2933, 2856, 1716, 1682, 1520, 1453, 1246, 1251, 1171, 1100, 963, 731 cm
-1
; HRMS 
(ESI+): calculated for C50H2CoF51N9 [M+H]
+
, 1756.9024, found 1756.9036. 
4.2.5 Synthesis and Characterization of NHMeF51PcCo [4-5] 
Perfluoro-4,5-diisopropylphthalonitrile (Bis-1) [2-3], (0.2 g, 0.4 mmol), 3,4,6-trifluoro-5-
(methylamino)phthalonitrile (NHMeF3PN) [2-7], (0.085 g, 0.4 mmol), and cobalt(II) acetate 
tetrahydrate, (0.05 g, 0.2 mmol) were suspended in nitrobenzene (~ 2 mL). The mixture was 
heated at 185 
o
C and stirred for 6 hrs under a nitrogen atmosphere. The purification was 
performed by column chromatography on silica gel using 9.5:0.5 to 8:2 v/v mixtures of 
hexane/acetone. The isolated bands were further purified by column chromatography. The 
F64PcCo [4-1] complex was isolated as a blue solid (0.030 g, 15% yield) and NHMeF51PcCo [4-
5] as a green solid (0.022 g, 9% yield). 
NHMeF51PcCo [4-5]: UV-Vis (CHCl3): λmax 672 (4.51), 346 (4.39), 314 (4.39) nm (L mol
−1
 
cm
−1
); IR (NaCl plate, selected bands): 2926, 2855, 1726, 1596, 1525, 1461, 1285, 1247, 1170, 
1099, 960, 730 cm
-1
; HRMS (APCl-): calculated for C51H4CoF51N9 [M-CH3]
-
,
 
1755.8951, found 
1755.8905. 
4.2.6 Synthesis and Characterization of NMe2F51PcCo [4-6] 
Perfluoro-4,5-diisopropylphthalonitrile (Bis-1) [2-3], (0.2 g, 0.4 mmol), 4-(dimethylamino)-
3,5,6-trifluorophthalonitrile (NMe2F3PN) [2-8], (0.09 g, 0.4 mmol), and cobalt(II) acetate 
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tetrahydrate (0.05 g, 0.2 mmol) were suspended in nitrobenzene ( ~ 2 mL). The mixture was 
heated at 185 
o
C and stirred for 6 hrs under a nitrogen atmosphere. The purification was 
performed by column chromatography on silica gel using 9.5:0.5 to 8:2 v/v mixtures of 
hexane/acetone. The isolated bands were further purified by column chromatography. The 
F64PcCo [4-1] was isolated as a blue solid (0.046 g, 22% yield) and NMe2F51PcCo [4-6] as a blue 
solid (0.035 g, 15% yield). 
NMe2F51PcCo [4-6]: UV-Vis (CHCl3): λmax 680 (4.88), 348 (4.76), 316 (4.74) nm (L mol
−1
 
cm
−1
); IR (NaCl plate, selected bands): 2923, 2853, 1726, 1581, 1525, 1462, 1378, 1246, 1221, 
1170, 1099, 1074, 961, 730cm
-1
; HRMS (APCl-): calculated for C52H6CoF51N9 [M
-
], 1783.9269, 
found 1783.9300.  
 
4.3 Results and Discussion 
4.3.1 Synthesis 
 The synthesis of asymmetric fluorinated cobalt Pcs [4-2] and [4-3] were performed by the 
combination of planar phthalonitrile, TFPN [2-1] with the bulky perfluoro-4,5-diisopropyl-
phthalonitrile,  Bis-1 [2-3]. The CoPc formed by [2-1] alone i.e. F16PcCo is available 
commercially. The synthesis of CoPc using [2-3] as a sole starting material was reported by our 
group, yielding F64PcCo.
25 
The complex F16PcCo is known for its aggregation behavior while 
F64PcCo [4-1] does not aggregate. Both complexes were used for various catalytic 
applications.
26,27  
 The intermediate and fluorinated CoPcs formed from the combination of [2-1] and [2-3] 
are anticipated to be useful for catalytic and various material sciences applications. Mixed CoPcs 
formed by the combination of [2-1] with the bulky [2-4], as opposed to [2-3] were also invented 
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by our group.
24
 A microwave assisted (MW) synthetic methodology was designed for the 
synthesis of perfluorinated [4-2] and [4-3]. Cobalt(II) acetate tetrahydrate, Co(OAc)2∙4H2O was 
used as the source of cobalt; optimized reaction temperatures ranging from ~ 180 to 190 
o
C with 
the choices of nitrobenzene as a high boiling solvent vs. the more commonly used ones such as 
xylene, DMF, n-pentanol, NMP and 1-chloronapthalene. The reactions were performed in a 
closed vessel while stirring for a short period of time, ~ 12 minutes; [4-2] and [4-3] can also be 
obtained via a classical thermal heating method. The isomeric mixtures containing F52aPcCo [4-
2] and F40PcCo [4-3] were formed under microwave or conventional heating procedures along 
with F16PcCo, and F64PcCo (Figure 4.1). The formation of excess F16PcCo was avoided by using 
[2-1] as the limiting reagent in small scale synthesis.  
 The X-ray crystallographic characterization of F40PcCo revealed a cis-geometry with 
bulky i-C3F7 substituents cis, as opposed to trans-geometry, Figure 4.3. 
 
Figure 4.3 Structure of cis-F40PcCo [4-3] and trans-F40PcCo [4-3]
*
 isomers. 
 
This finding is consistent with the isolation of the cis-F40PcZn complex, formed in identical 
manner, as discussed in Chapter 3. The trans-F40PcCo in the reaction mixture was not confirmed 
due to its low yield of formation and partial aggregation. The reverse phase (C18) HPLC 
separation method with 6:94 v/v containing mixtures of water/methanol was developed to 
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separate fluorinated CoPcs mixtures (Section 4.3.4). The purification of crude mixtures of 
fluorinated CoPcs was also performed by column chromatography using a gradient of 
hexane/acetone. Although separate re-purification of isolated products using hexane:acetone 
mixtures were required, due to the close proximity of eluting components. The F64PcCo [4-1] 
elutes first (18% yield), then F52aPcCo [4-2] (15% yield), and lastly F40PcCo [4-3] (11% yield) 
using normal phase silica gel. In reverse phase C18 HPLC separations, using water/methanol as a 
mobile phase resulted in reverse order of elution.  
 The combination of [2-3] with the [2-6]-[2-8] precursors, in presence of Co(OAc)2∙4H2O 
via thermal heating at ~ 185 
o
C in nitrobenzene resulted in a yield of a mixture of basic 
functional group substituted perfluorinated Pcs [4-4]-[4-6], respectively. The microwave method 
was not pursued because of the poor stability of the primary [2-6] and secondary [2-7] amine 
substituted CoPcs. Reacting [2-3] with [2-6]-[2-8] in 1:1 molar ratios forms mono basic group 
substituted CoPcs [4-4]-[4-6]. The reaction mixtures of [4-4]-[4-6] were separated by column 
chromatography, although analytical separation methods both for normal and reverse phase were 
developed and described in HPLC purification section 4.3.4.  
4.3.2 Spectroscopy Characterization 
 The paramagnetism of cobalt(II) a d
7
 ion, complicates the characterization of these 
complexes via NMR spectroscopy. Paramagnetic substances decrease the relaxation times and as 
a consequence line broadening occurs. Therefore obtaining clear fluorine signals and making 
assignments of some fluorine signals in complexes [4-4]-[4-6] were difficult. Fluorinated Pcs [4-
2], [4-3] and functional fluorinated Pcs [4-4] to [4-6] were characterized by 
19
F NMR, IR and 
high resolution mass spectroscopic techniques. The 
13
C NMR spectrum was not acquired. Even 
after thirty thousand scans performed with a saturated solution a very small signals near the base 
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line was observed. The strong electron withdrawing aliphatic iso perfluoro groups (Rf = i-C3F7) 
and aromatic fluorines might have played a role by depleting electron densities of the carbon 
atoms. The characterization data of F64PcCo [4-1] is excluded, because it is known and also 
synthesized in good yield by using [2-3] alone.
25 19
F NMR spectroscopy data of fluorinated 
CoPcs [4-2] and [4-3] were acquired to identify number of aliphatic/aromatic fluorines. Although 
broadening occurs, the aromatic fluorine peaks are still visible in the spectra. The fluorine signals 
of [4-2] and [4-3] are listed in Table 4.1. 
Table 4.1 
19
F NMR chemical shifts of perfluorinated CoPcs, ZnPcs and their small Pc building 
blocks (Acetone-D6, 470/376 MHz) 
Compound -CF3 
(aliphatic) 
δ ppm 
-CF 
(aromatic) 
δ ppm 
-CF (aromatic) δ ppm -CF 
(aliphatic) δ 
ppm 
F64PcCo [4-1]
†
 
F64PcZn [3-1]
*
 
F52aPcCo [4-2] 
-71.93 
-71.30 
-71.42 
-106.50 
-103.90 
-105.71 
 
 
-142.67 
  
 
-157.07 
-165.80 
-164.60 
-165.80 
F52aPcZn [3-2] 
F40PcCo [4-3] 
-71.53 
-70.98 
-103.73 
-104.88 
-138.76 
-142.52 
 
-154.67 
-149.54 
-156.92 
-164.57 
-164.95 
F40PcZn [3-3] -71.25 -103.17 -139.06  -150.59 -164.92 
TFPN [2-1]   -128.10  -143.22  
Bis-1 [2-3] -71.47 -94.54    -165.69 
*F64PcZn [3-1], 
19F chemical shift values were according to reported in literature. †F64PcCo, [4-1] 
19F chemical shifts 
values were reported in literature using tri-n-butyl phosphine in d8-toluene.
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The 
l9
F NMR spectrum of [4-2], exhibits five signals; the primary aliphatic fluorines of –CF3 in –
i-C3F7 groups are found at -71.42 ppm, the six aromatic fluorines from bulky region are found at 
-105.71 ppm, the four planar aromatic fluorine –CF appear in two sets -142.67, -157.07 ppm, and 
another six are tertiary aliphatic fluorines of –CF in –i-C3F7 groups are found at -165.80 ppm. 
Similarly, the F40PcCo fluorine signals were also shown in Table 4.1. The aromatic fluorines of 
small functional groups attached to the ring portion of CoPcs [4-4] to [4-6] were hard to detect 
due to broadening near the base line. Therefore the comparisons of fluorine signals are not 
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presented here, but the spectra are provided in Figure A.23 to A.25. The 
19
F NMR chemical 
shifts of CoPcs [4-2], [4-3] are compared with their starting small fluorinated phthalonitrile 
building blocks [2-1] and [2-3], which are used for their synthesis (Table 4.1). The diamagnetic 
F52aPcZn [3-2], and F40PcZn [3-3], 
19
F NMR chemical shift values are also provided in Table 4.1 
for comparison with isostructural F52aPcCo [4-2], F40PcCo [4-3], respectively. 
 All planar aromatic C-F 
19
F NMR chemical shift positions of CoPcs [4-2], [4-3] were 
found downfield ~ Δδ = 14 ppm compared to 19F chemical shifts (aromatic C-F) of the starting 
TFPN [2-1]. The aliphatic –CF3 (i-C3F7) 
19
F chemical shift positions of CoPcs and Bis-1 [2-3] 
were found to be in the same region, the difference being less than ~ Δδ = 0.5 ppm (Table 4.1). 
Similarly, 
19
F chemical shifts of aliphatic C-F in i-C3F7 of CoPcs [4-2], [4-3] and Bis-1 [2-3] 
aliphatic C-F in i-C3F7 changed very little, the difference being less than 1 ppm. Although the 
19
F 
chemical shifts in the aromatic C-F portion of the bulky ring of CoPcs [4-2], [4-3] changed, the 
difference of ~ Δδ = 9-10 ppm downfield shift is observed compared to aromatic C-F of Bis-1 
(Table 4.1), similar to the case of ZnPcs (Chapter 3). The 
19
F chemical shifts of diamagnetic 
ZnPcs [3-2], [3-4] shows very little difference with isostructural CoPcs [4-2], [4-3], respectively, 
except that the chemical shifts of aromatic C-F bonds in the planar region. The planar aromatic 
C-F bonds, fluorine signals were found shifted downfield in CoPcs [4-2], [4-3] as compared to 
ZnPcs [3-2], [3-3] (Table 4.1).  
 The FT-IR spectra of the fluorinated CoPcs [4-2] to [4-6] showed aromatic/aliphatic C-F 
stretching bands in the fingerprint regions 1000-1350 cm
-1
similar to all ZnPcs reported in 
Chapter 3. The C≡N stretching of the starting fluorinated phthalonitrile building blocks, were 
absent in the IR spectrum of the CoPcs. The asymmetric and symmetric ν(C–F) stretching 
vibrations of the CF3 and Ar-F groups appear in the ~ 1100-1300 cm
−1
 regions, with the strongest 
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bands, 1248, 1249, 1251, 1247, 1246 cm
−1
 in all CoPcs [4-2] to [4-6] were due to the overlap of 
these vibrations. The medium intensity ν(C–F) bands ~ 1170-1099 cm-1 region in [4-2]-[4-6], 
were due to in-plane stretching vibrations of aromatic fluorine atoms. The multiple and 
conjugated ν(C=C) and ν(C=N) stretching modes of the Pcs were seen as medium to strong 
bands in the 1450-1650 cm
−1
 range. 
 The molecular masses of CoPcs [4-2]-[4-6] were confirmed by high resolution mass 
spectrometry (HRMS). The Table 4.2 below represents the techniques, molecular formula, 
molecular masses, and observed vs. calculated masses of [4-2]-[4-6]. The difference between 
observed vs calculated masses in Δ ppm [(Obs.-Calc)/Calc] were calculated and found to be 0.3, 
1.8, 0.7, 2.6, 1.7 ppm for cobalt Pcs [4-2]-[4-6]. 
Table 4.2 The high resolution mass spectroscopy data of perfluorinated and functional 
fluorinated cobalt Pcs 
No. Mol. Formula Mol. Wt. Technique Obs. Calc. 
[4-2] C50CoF52N8 1759.4388 ESI-[M
-
] 1758.8759 1758.8753 
[4-3] C44CoF40N8 1459.3937 ESI-[M
-
] 1458.8919 1458.8945 
[4-4] C50H2CoF51N9 1756.4629 ESI+[M+H]
+
 1756.9036 1756.9024 
[4-5] C51H4CoF51N9 1770.4895 APCl-[M-CH3]
-
 1755.8905 1755.8951 
[4-6] C52H6CoF51N9 1784.5161 APCl-[M
-
] 1783.9300 1783.9269 
 
The electrospray ionization in negative mode techniques was used to identify the molecular mass 
of the perfluorinated and functional fluorinated CoPcs [4-2], [4-3]. The mass for NH2F51PcCo [4-
4] was observed by electrospray ionization in positive mode. The mass characterizations of other 
two functional fluorinated CoPcs [4-5], [4-6] were performed by atmosphere pressure chemical 
ionization technique.  
 The full spectroscopic characterization of fluorinated CoPcs [4-2], [4-3], and functional 
fluorinated CoPcs [4-4]-[4-6] are presented in this chapter. The 
19
F NMR spectra of [4-2] and [4-
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3] are presented in Figure A.21 to A.22 and the 
19
F NMR spectra of [4-4] to [4-6] are presented 
in Figure A.23 to A.25. The IR spectra of [4-2]-[4-6] are presented in Figure B.12 to B.16. The 
HRMS of [4-2]-[4-6] are presented in Figure C.12 to C.16. 
4.3.3 UV-Vis Spectroscopy 
 The dark blue/green colors of highly conjugated CoPcs [4-2]-[4-6] macrocycles exhibit 
strong Q band absoprtions in their UV-Vis spectrum (π-π* transition, 600-800 nm region). The 
medium intensity B band also appears around 300-450 nm region in CoPcs UV-Vis spectrum 
(Figure 4.4). The associated electronic transition depends on the electron distribution in 
molecular orbitals of the organic ligand and metal center which are both responsible for the shift 
and shape of the Q bands. In the case of porphyrin and Pcs, the molecular orbital (MO) diagram, 
proposed by Gouterman et al, and later expanded by Lever and Stillman, was accepted widely 
for all the possible transitions observed in the UV-Vis spectrum of these class of macrocycles.
28-
30 
The UV-Vis of the fluorinated CoPcs [4-2]-[4-6] were recorded in both chloroform and 
ethanol to measure the extent of aggregation.
31 
The aggregation behavior of the Pcs, depends on 
several parameters, such as the symmetry of the molecule, substituent placement in the 
peripheral/non-peripheral positions, nature of the metal center, as well as the solvents. 
Dimerization and aggregation of the Pc is hindered by incorporating bulky substituents on the 
organic ligand or bulky axial metal coordinating molecules. The attachment of six bulky i-C3F7 
substituents on the periphery of CoPcs [4-2], [4-4]-[4-6] prevents full aggregation, while four i-
C3F7 substituents in [4-3] favors only partial aggregation. The reported non–aggregating behavior 
of the symmetric CoPc [4-1] is due to eight i-C3F7 substituents on the peripheral positions of 
macrocycle. The aggregation observed in planar Pc macrocycles such as F16PcCo is due to the π-
π stacking of two units of macrocycles. Solvent promoted aggregation behavior is clearly 
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observed via a shift and broadening in the Q band. Aggregations of Pc results in deviation from 
the Lambert-Beer Law which prevent accurate quantitative analyses of the Pc samples in 
solution. 
 Table 4.3 below shows the collected data for the molar extinctions coefficients. These 
were calculated for all absorption bands of CoPcs [4-2]-[4-6]. The concentration range of 2 to 20 
µM was used to calculate molar extinctions coefficients of [4-2]-[4-6] from the slope of the 
linear fit of absorption maxima vs. total Pc concentration. Figure 4.4 shows the concentration-
dependent UV-Vis spectra of CoPcs [4-2]-[4-6] in chloroform, along with their respective 
Lambert-Beer linearity plots, (a,b)-(i-j) respectively. The plots were also recorded in ethanol, and 
provided in Figure D.6-D.10. 
  
(b) (a) 
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(c) (d) 
(e) (f) 
(g) (h) 
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Figure 4.4 UV-Vis electronic absorption spectra of [4-2]-[4-6] in chloroform, showing Lambert-
Beer plot of the Q band absorption maxima, (a,b)-(i-j) respectively. 
 
 The high molar extinction values of CoPcs [4-2]-[4-6] result in intense absorption in the 
Q band region (600-800 nm) (Table 4.3). The split of the Q band is observed in [4-2], due to the 
asymmetry of F52aPcCo (Figure 4.4 (a)). Such splits are not observed for asymmetric CoPcs [4-
4]-[4-6], but broadening of the Q band was detected, (Figure 4.4(e), (g), (i)), suggesting band 
overlap.  
Table 4.3 UV-Vis absorption maxima and its molar extinction coefficients of perfluorinated and 
functional fluorinated CoPcs 
Compound No. Solvent λmax (log ε) nm (L mol
-1
 cm
-1
) 
F52aPcCo [4-2] chloroform 692 (4.99), 666 (4.96), 604 (4.43), 352 (4.70) 
ethanol 680 (4.89), 654 (4.88), 364 (4.75) 
F40PcCo [4-3] chloroform 672 (4.89), 607 (4.26), 352 (4.48) 
ethanol 654 (4.60), 354 (4.38), 318 (4.43) 
NH2F51PcCo [4-4] chloroform 684 (4.41), 318 (4.39) 
ethanol 680 (4.36), 360 (4.36), 320 (4.40) 
NHMeF51PcCo [4-5] chloroform 672 (4.51), 346 (4.39), 314 (4.39) 
ethanol 656 (4.50), 362 (4.44) 
NMe2F51PcCo [4-6] chloroform 680 (4.88), 348 (4.76), 316 (4.74) 
ethanol 692 (4.81), 656 (4.89), 362 (4.78) 
 
 
(i) (j) 
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Figure 4.5 Normalized UV-Vis absorption spectrum comparison of [4-2]-[4-6] in chloroform 
(black, least aggregation) and ethanol (red, most aggregation), (a)-(e) respectively. 
 
(a) (b) 
(c) (d) 
(e) 
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 The two different solvents such as hydrophobic chloroform and hydrophilic ethanol were 
chosen for UV-Vis spectral comparison study to showcase aggregation tendencies of complexes 
[4-2]-[4-6]. The Q band gap in the UV-Vis spectra of [4-2] in chloroform vs. ethanol is identical, 
26 nm, (Figure 4.5 (a)) but the spectrum in ethanol is broader and the peaks appear close due to 
partial overlap and partial aggregation. Complex [4-3] shows a sharp Q band in chloroform, 
while the Q band in ethanol is broad, indicating stacking or partial aggregation in solution 
(Figure 4.5 (b)). The functional fluorinated CoPcs [4-4]-[4-6] shows broader peaks in ethanol 
(Figure 4.5 (c)-(e)). The methyl group in increasing order from primary (−NH2)
 
to secondary 
(−NHMe), and tertiary aliphatic amine (−NMe2) in [4-4]-[4-6], respectively results in a strong 
absorbance in Q band region and total asymmetry. The Q band shifts of [4-4]-[4-6] are observed 
along with band-broadening in UV-Vis spectrums acquired in ethanol compared to chloroform 
solvent (Figure 4.5 (c)-(e)). 
4.3.4 HPLC Methodology 
 Separation methods for the reaction mixtures of perfluorinated CoPcs [4-1]-[4-3] and 
functional fluorinated CoPcs [4-4]-[4-6] were developed successfully using reverse phase HPLC. 
The normal phase separation method is also presented for the separation of reaction mixture of 
[4-4]-[4-6]. The combination of water, methanol 6:94 v/v was used for separation of CoPcs [4-
1]-[4-6] on a reverse phase C18 column. The normal phase separation relied upon the use of an 
acetone/hexane mixture with a small percentage of methanol to increase the polarity of the 
mobile phase. Methods related to instrumental analyses and parameters, columns and mobile 
phases are provided in the experimental section 4.2.2. 
4.3.4.1 Separation of fluorinated CoPc components 
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 The fluorinated CoPcs [4-1]-[4-3] shown in Figure 4.6 were formed together, (Scheme, 
Figure 4.1). Surprisingly, the 1:99 v/v mixture of water/methanol mobile phase as used for 
separation of isostructural zinc complexes in Chapter 3, was found to be too polar for the CoPcs. 
A single peak near the void volume was observed and the best separation was observed, when 
the water content in the mobile phase was increased up to 6 % for all cobalt complexes.  
 
Figure 4.6 The structure of fluorinated CoPcs F64PcCo [4-1], F52aPcCo [4-2] and F40PcCo [4-3]. 
 
 The crude reaction mixture was pretreated according to procedure described in 
experimental section 4.2.2 in order to remove impurities prior to using HPLC. The peaks at 
14.739 min and 15.552 min both corresponds to F40PcCo [4-3], complexed with formate ion (m/z 
1503.8931). The peak at 17.720 min corresponds to F52aPcCo [4-2], also complexed with formate 
ion, (m/z 1803.8753). The last peak at 23.563 min corresponds to F64PcCo [4-1], complexed with 
formate ion (m/z 2103.8578). The obtained HRMS data analyzed under negative ESI mode 
agrees with theoretical calculations for all separated and characterized peaks. 
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Figure 4.7 Analytical chromatogram of crude CoPc reaction products. 
 
HRMS analysis of the separated peaks corresponding to [4-1]-[4-3], was performed after 
confirming the purity of each peak by re-injecting the separated components in the HPLC and 
overlaying their chromatograms. Figure 4.8, show the overlay chromatogram with retention 
times matching their respective retention time in crude mixture chromatogram and confirms no 
overlap of the separated components. 
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Figure 4.8 The overlay chromatogram of analytically separated CoPc products. Color code: 
F52aF40PcCo crude, red; F40PcCo, green; F52aPcCo, yellow; F64PcCo, pink. 
 
4.3.4.2 Semi-Prep scale separation of fluorinated CoPc components 
 The perfluorinated CoPcs [4-1]-[4-3] were separated using a large semi-prep C18 column. 
The retention time was now monitored for up to 45 min because of the longer length of the 
column. The retention time was changed, due to the longer length of column but the elution order 
remains the same according to the method developed on an analytical C18 column with an 
identical mobile phase. The flow rate was kept at 4.2 mL/min with detection at the λmax of 670 
nm. The semi-preparative chromatograms of crude mixture of CoPcs [4-1]-[4-3] are shown in 
Figure 4.9. 
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Figure 4.9 The semi-preparative chromatogram of crude perfluorinated CoPc reaction products. 
 
 Table 4.4 shows the retention time of CoPc mixture in analytical and semi-preparative for 
comparison to their respective molecular weights with formate ion analyzed by HRMS. The split 
in the F40PcCo peak may be due to aggregation and possibly dimer formation because of the 
polar mobile phase composition. 
Table 4.4 Retention time of CoPcs [4-1]-[4-3] in analytical and semi-Prep C18 column with mass 
characterization 
Compounds Analytical RT (min) semi-Prep RT (min) HRMS (with formate ion) 
F40PcCo 14.739 25.499 1503.8920 
F52aPcCo 17.720 28.349 1803.8753 
F64PcCo 23.563 37.487 2103.8578 
 
The observed reverse elution order of the CoPc mixture [4-1]-[4-3] compared to the isostructural 
ZnPcs [3-1]-[3-3] mixture is shown in Figure 4.10. The perfluorinated phthalocyanines have 
physicochemical properties influenced by both their organic ligands and metal centers. 
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Figure 4.10 Reverse phase (C18) separation retention time trends of iso-structural MPcs 
complexes (M = Zn, Co). 
 
 In the present case, we have examined mixtures obtained from the same precursors but 
using two metal centers, Zn(II) and Co(II). Surprisingly, despite the zinc and cobalt 
phthalocyanine complexes being isostructural and bearing no charge, the elution order of the 
most abundant components of the mixtures are reversed, for the two metals on a reverse phase 
C18 column. Thus, F64PcZn had the shortest retention time relative to the less bulky complexes 
F52aPcZn and F40PcZn, using 1:99 water/methanol. The separation of cobalt complexes using the 
same 1:99 water/methanol mixture failed as the complexes eluted together almost without being 
retained on the column. A decrease in the solvent strength to 6:94 water/methanol resulted in the 
separation of all components, but F64PcCo had the longest retention time compared to the less 
bulky components. The two classes of molecules FxPcZn and FxPcCo differ only by the d-orbital 
electron configurations of their metal centers, Zn(II) vs Co(II). Zn has a closed shell d
10
 electron 
configuration, while Co has open shell d
7
 electron configuration. Zn prefers penta-coordination 
while Co prefers hexa-coordination and thus it appears that the metal centers, despite having the 
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same charge, are unique enough to induce a reversal in the elution order on water/methanol 
solvent systems. It was reported that the unsaturated central metal atom that co-ordinates axially 
was found to be less retained in a reverse phase column compared to a saturated metal center that 
does not co-ordinate with identical substituents attached to the Pc.
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 The observation made in the present research is not limited to the most bulky complexes; 
a similar reverse elution pattern is also seen for F52aPcZn/F52aPcCo and F40PcZn/F40PcCo 
complexes. The cobalt complexes appear to be more polar relative to the zinc complexes and 
thus, require a higher water component of the solvent mixture in order to be retained on an extra 
dense (XDB) C18 reverse phase column. It is also notable that only the F40PcCo complex exhibits 
two peaks, although it is not clear yet whether it is due to cis-trans isomerism or aggregation. 
The F40PcZn complex shows a broad peak with a long retention time. It is possible that the two 
Zn isomers, if present, may not be resolved by HPLC. This matter is under current investigation 
and will be presented in the future. The investigation of the cobalt phthalocyanine fractions 
separated through conventional flash chromatography using a acetone/hexane solvent system 
followed by crystallization led to the isolation of the F40PcCo cis-isomer (bulky groups on same 
side) as shown in Figure 4.3, similar to F40PcZn (Chapter 3). The possible differentiation of 
isomers via 
19
F NMR spectroscopy is underway, but it is beyond the scope of this work.  
4.3.4.3 Separation of functional fluorinated CoPc components 
 The reaction mixture [4-4]-[4-6], obtained through the experimental procedure described 
in section 4.2.4 to 4.2.6 respectively, was pre-treated before separation according to the 
procedure described in experimental section 4.2.2. [4-4]-[4-6] contain [4-1] as side product along 
with isomeric mixtures of other products. The structures of targeted products are shown in Figure 
4.11. 
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Figure 4.11 The structure of perfluorinated CoPcs F64PcCo [4-1], NH2F51PcCo [4-4], 
NHMeF51PcCo [4-5] and NMe2F51PcCo [4-6]. 
 
 The analytical separation was carried out using a small quantity (0.5 mg) of crude 
mixture of the reaction mixtures containing [4-4]-[4-6] as shown in Figures 4.12-4.14 
respectively on reverse phase C18 column. The NH2F51PcCo [4-4], peak is identified at 9.659 min 
and F64PcCo [4-1] at 23.732 min retention time as shown in Figure 4.12. The chromatogram in 
Figure 4.13 shows NHMeF51PcCo [4-5] at 9.669 and F64PcCo [4-1] at 23.669 min retention time. 
Similarly NMe2F51PcCo [4-6] appears at 20.070 min and F64PcCo [4-1] at 23.583 min retention 
time as shown in Figure 4.14. The F64PcCo [4-1] retention time is consistent in all three reaction 
mixtures ~ 23.6-23.7 min and was confirmed by injecting pure F64PcCo [4-1] in C18 column 
under identical conditions. 
125 
 
 
Figure 4.12 Analytical chromatogram of crude amino CoPc reaction products. 
 
Figure 4.13 Analytical chromatogram of crude methylamine CoPc reaction products. 
  
126 
 
 
Figure 4.14 Analytical chromatogram of crude dimethylamine CoPc reaction products. 
 
 The NMe2F51PcCo [4-6] retained at 20.07 min, which is approximately ~ 10 min longer 
compared to the retention time observed for NH2F51PcCo [4-4] and NHMeF51PcCo [4-5] at ~ 9.7 
min. This suggests that the role of –NMe2 group in [4-6] is to enhance binding to the stationary 
phase. The retention times of [4-4]-[4-6] in the crude was confirmed by injecting previously 
characterized pure samples of [4-4]-[4-6] under identical conditions and overlaying their 
respective chromatograms. The overlayed chromatograms of all these components are shown in 
Figure 4.15 to 4.17, respectively. The additional peaks shown in crude chromatogram of Figure 
4.12 to 4.14 were not characterized as some of them are merged together and few appeared really 
small. The same methods were tested in a large C18 semi-prep column, which produced the 
chromatogram. Fraction collection was not performed. 
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Figure 4.15 Overlay chromatogram of analytically separated amino CoPc products. Color code: 
NH2PcCo crude, red; F64PcCo, green; NH2F51PcCo, blue. 
 
Figure 4.16 Overlay chromatogram of analytically separated methylamine CoPc products. Color 
code: NHMePcCo crude, red; F64PcCo, green; NHMeF51PcCo, blue. 
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Figure 4.17 Overlay chromatogram of analytically separated dimethylamine CoPc products. 
Color code: NMe2PcCo crude, red; F64PcCo, green; NMe2F51PcCo, blue. 
 
4.3.4.4 Semi-Prep scale separation of functional fluorinated CoPc components 
 The semi-Prep HPLC chromatogram for the crude reaction mixture of [4-4]-[4-6] was 
obtained using premixed mobile phase containing 94:6 methanol/water. The purpose in acquiring 
the crude chromatogram of these reaction mixtures was to establish a protocol to separate these 
kinds of CoPcs mixtures in the future. The F64PcCo [4-1] now appear at ~ 41-42 min, while [4-
4]-[4-6] at 17.982, 18.282, 18.238 min respectively as shown in Figure 4.18 to 4.20. 
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Figure 4.18 The semi-preparative chromatogram of crude amino CoPcs. 
 
 
Figure 4.19 The semi-preparative chromatogram of crude methylamine CoPcs. 
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Figure 4.20 The semi-preparative chromatogram of crude dimethylamino CoPcs. 
 
4.3.4.5 Normal phase separation method for functional fluorinated CoPc components 
 Normal phase separation methods were also developed for [4-4]-[4-6]. The instrument 
parameters for normal phase chromatography are listed in experimental section 4.2.2. The 
solvent compositions are listed in Table 4.5 for the respective crude reaction mixtures. The small 
percent of methanol was found to be ideal for peak shape. The acetone/hexane ratio was 
decreased by 5% in order to separate the reaction mixture of [4-4]-[4-6] respectively. The 
chromatogram for the reaction mixture of [4-4]-[4-6], using the solvent system listed in Table 4.5 
are shown in Figure 4.21, 4.23 and 4.25 respectively. 
Table 4.5 Solvent system for normal phase separation method of CoPcs 
Crude Sample No. Normal Phase Solvent System 
  Acetone Hexane Methanol 
NH2F51PcCo [4-4] 25 69 6 
NHMeF51PcCo [4-5] 20 75 5 
NMe2F51PcCo [4-6] 15 80 5 
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Figure 4.21 Analytical chromatogram of crude amino CoPc reaction products (normal phase 
column). 
 
 
Figure 4.22 Overlay chromatogram of analytically separated amino CoPc products (normal 
phase column). Color code: NH2PcCo crude, blue; F64PcCo, red; NH2F51PcCo, green. 
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Figure 4.23 Analytical chromatogram of crude methylamine CoPc reaction products (normal 
phase column). 
 
 
Figure 4.24 Overlay chromatogram of analytically separated methylamine CoPc products 
(normal phase column). Color code: NHMePcCo crude, green; F64PcCo, red; NHMeF51PcCo, 
blue. 
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Figure 4.25 Analytical chromatogram of crude dimethylamine CoPc reaction products (normal 
phase column). 
 
Figure 4.26 Overlay chromatogram of analytically separated dimethylamine CoPc products 
(normal phase column). Color code: NMe2PcCo crude, green; F64PcCo, blue; NMe2F51PcCo, red. 
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 F64PcCo [4-1] always elutes first, followed by mono functional fluorinated CoPcs [4-4]-
[4-6]. The retention time identities of the respective components in each crude reaction mixture 
was carried out by injecting pure samples and overlaying their chromatogram with respective 
crude mixtures as shown in Figures 4.22, 4.24 and 4.26. 
 As two separation methods for the mixtures of CoPcs [4-4]-[4-6] were used, both were 
found to be versatile for purity analysis of separated components through column 
chromatography on a small scale. The reverse phase was found to be more suitable for large-
scale separation because of the relatively weak interactions with the surface as compared to 
normal phase. The CoPcs mixture interacted strongly with normal stationary phase, due to strong 
binding with free silanol groups on the surface. This required excessive washing with polar 
solvents after several injections of crude materials. Therefore, a nonpolar reverse phase C18 
column would be more suitable for large scale separation of crude mixture of Pcs. 
4.3.5 Crystal Structures and Solid-State Study 
4.3.5.1 F52aPcCo, [4-2] 
 X-ray quality crystals of F52aPcCo [4-2] were obtained by slow evaporation of its solution 
in toluene with a few drops of benzonitrile at ambient temperature. 
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Figure 4.27 X-ray structure of F52aPcCo(PhCN) in ORTEP representation at 50% probability. H- 
atoms, as well as co-crystallized benzonitrile and toluene molecules are omitted for clarity. Color 
code: Co, blue; C, gray; F, light green; N, blue. 
 
The four molecules axially co-ordinated with benzonitrile were found in the crystal lattice along 
with solvated benzonitriles and toluene molecules. The X-ray crystal structure of [4-2] is 
represented by the ORTEP plot at 50% probability in Figure 4.27. It was found that planar 
benzonitrile also formed π stacking interactions with aromatic macrocyclic ring of [4-2], with a 
calculated distance of 3.370 Å. The crystal structure of [4-2] with methanol solvent was also 
obtained, but its data was insufficient to solve the crystal structure due to poor quality of its 
crystals. The final R value is > 10%, and therefore X-ray data of [4-2] obtained with methanol is 
not presented in this chapter. The image of its crystal structure is shown in Figure 4.28. 
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Figure 4.28 (a) X-ray crystal structure of F52aPcCo(CH3OH)2 in capped stick representation. (b) 
Side view with partial ball and stick representation. H-atoms are omitted for clarity. Color code: 
Co, orange; C, gray; F, light green; N, blue; O, red. 
 
The cobalt metal center is hexa-coordinated with four nitrogen in plane and two axially co-
ordinated oxygen atoms of methanol as shown in Figure 4.28. 
 The packing diagram of [4-2] along the c-axis, with axially co-ordinated benzonitrile 
molecules is shown in Figure 4.29 (c). The cobalt center is penta-coordinated, four nitrogens are 
in the plane, and one axially co-ordinated benzonitrile molecule as opposed to hexa-coordinated, 
as shown with methanol in Figure 4.28. The observed difference of co-ordination with the metal 
center is due to the high electro-negativity of oxygen atom of methanol and electron deficiency 
of nitrogen atom of aromatic nitrile. The bond distances of four nitrogen atoms with the central 
Co varies in [4-2], (Co-N1 to N4; 1.925, 1.927, 1.929, 1.941 Å respectively) which represent 
asymmetry as opposed to symmetric F64PcCo [4-1], with Co-N1/N3, 1.923 Å; Co-N2/N4, 1.927 
Å distances and vice versa.
25,33
 The large Co-N5, 2.143 Å distance is observed with axially co-
ordianted nitrogen atom of benzonitrile. 
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Figure 4.29 Crystal structure of F52aPcCo(PhCN) in capped sticks representations, with H atoms, 
toluene and stacked benzonitrile molecules are omitted for clarity. (a) Top views in capped stick 
representation. (b) Side view with partial ball and stick representation. (c) Packing diagram along 
the c axis. Co atoms are depicted as van der Waals spheres. Color code: C, gray; F, green; N, 
blue; Co, orange. 
 
The axially coordinated bulky benzonitriles prevent dimer formation of [4-2], although 
solvated planar benzonitriles molecules are sandwiched between two molecules of [4-2], forming 
a π-π stack with the electron deficient aromatic macrocycles of CoPcs. The metal coordinated 
benzonitrile groups prefers to point away from each other in two molecules of [4-2]. The inter 
(a) 
(b) 
(c) 
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atomic Co---Co distance in dimer-like assembly is 7.698 Å, as shown in zig-zag orientation in 
packing diagram along c axis (Figure 4.29 (c). 
4.3.5.2 F40PcCo, [4-3] 
 
Figure 4.30 X-ray structure of F40PcCo(H2O) in ORTEP representation at 40% probability. H 
atoms, as well as co-crystallized solvation acetone and toluene molecules are omitted for clarity. 
Color code: C, gray; F, light green; N, blue; O, red; Co, blue. 
 
 The X-ray structure of F40PcCo·(H2O) is shown in Figure 4.30. The crystal containing 
two molecules of acetone and one toluene as a crystallization solvents are omitted for clarity 
purposes. The water molecule is axially bonded to the central Co atom while two acetone 
molecules are H-bonded with a water molecule. The crystal system is triclinic belonging to the 
P-1 space group with toluene molecules present in crystal lattice. The bond distance of four 
nitrogen atoms with central Co atom are slightly larger in [4-3], (Co-N1 to N4; 1.9225, 1.9241, 
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1.9257, 1.9271 Å respectively) compared to [4-1], [4-2], observed due to bulky and planar half 
on opposite side. 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.31 Crystal structure of F40PcCo(H2O) in capped sticks representations, with H atoms 
omitted. (a) Side and top views of the dimers formed by π–π stacking. (b) View along the c axis. 
(c) Columnar stacking of dimer assemblies. The i-C3F7 groups in (a) and (c), as well as the Co 
atoms in (b), are depicted as van der Waals spheres. Color code: C, gray; F, green; N, blue; O, 
red; Co, orange. 
 
 The crystal packing diagram of F40PcCo
.
(H2O) shown in Figure 4.31 reveals π-π stacking 
between the dimer. The aggregation of [4-3] is also observed in solution as confirmed by UV-Vis 
spectra obtained in ethanol (section 4.3.3). The two axially coordinated water molecules in the 
dimer are facing away from each other as shown in Figure 4.31 (a). The distance between the 
parallel planes passing through the planar half of the two stacked molecules is 3.326 Å. The 
(a) (b) 
(c) 
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extreme electron deficiency with steric bulk of four units of i-C3F7 on one side while planarity, 
due to two aromatic tetrafluorophthalic moiety, on the other half creates distortion on the 
macrocycle. The cobalt metal center prefers penta-coordination in which ligands orient in cis-
geometry. The co-ordinated water molecule faces the opposite side in stacked dimer. The bond 
length of cobalt and oxygen (Co-O) atom of the water molecule is 2.169 Å. The long range 
columnar stacking pattern is observed in the solid state packing diagram of these molecules 
Figure 4.31 (c). 
Table 4.6 Selected Crystallographic Data for F52aPcCo [4-2] and F40PcCo [4-3] 
  F40PcCo(H2O).2(acetone)(toluene)  (F52PcCoPhCN)2.(PhCN)2.Toluene  
formula C57H22CoF40N8O3 C65.75H12CoF52N10 
formula mass 1685.76 1988.78 
crystal system triclinic Primitive 
space group P-1 P-1 
T (K) 100(2) 100(2) 
a (Å) 11.0536(2) 16.4654(3) 
b (Å) 15.1615(2) 18.0591(3) 
c (Å) 18.2304(3) 25.4373(4) 
α (o) 96.698(1) 98.346(1) 
β (o) 95.401(1) 95.501(1) 
γ (o) 100.288(1) 92.567(1) 
volume (Å
3
) 2964.85(8) 7436.0(2) 
Z 2 4 
dcalcd(g/cm
3
) 1.888 1.776 
Nrefl 11038 25649 
Nparam 991 2203 
R1(I > 2σI) 0.0301 0.0875 
R1(all data) 0.0308 0.0988 
wR2(I > 2σI) 0.0853 0.2512 
wR2 (all data) 0.0860 0.2614 
GOF on F
2
 0.998 1.051 
 The selected crystal structure refinement parameters for F52aPcCo [4-2] and F40PcCo [4-
3] are summarized in Table 4.6. The complete crystallographic data of [4-2] and [4-3] are 
presented in Appendices L and M. 
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4.3.5.3 NMe2F51PcCo, [4-6] 
 X-ray quality crystals of NMe2F51PcCo [4-6] were obtained by slow evaporation of 
acetonitrile with few drops of ethanol solvent under ambient conditions. The crystals were found 
to be thin and small; therefore data collection was performed using synchrotron X-ray radiation 
at Argonne National Laboratory. 
 
(a) 
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Figure 4.32 X-ray crystal structure of NMe2F51PcCo(H2O) [4-6] (a) ORTEP plot at 50% 
probability. (b) Ball and stick representation of [4-6], H atoms omitted. (b) Fluorine-lined active 
site: Van der Waals sphere representation of F-groups, Cobalt and axial H2O molecules. Color 
code: C, gray; F, green; N, blue; O, red; Co, blue/purple. 
 
 The ORTEP representation of [4-6] is shown in Figure 4.32 (a) at 50% probability along 
with a top view in ball and stick representation and fluorine lined Van der Waals sphere 
representation in Figure 4.32 (b) and (c). The axially bonded water molecules, arising from 
moisture in the air, confirms electron deficient nature of cobalt metal center due to the 
attachment of electron withdrawing fluorine substituents on organic macrocycles. A single water 
molecule is coordinated, which yields penta-co-ordination of the Co ion in [4-6]. The head to 
head H-bonding of water molecules observed in crystals of [4-6] are shown in Figure 4.33 (a). 
Partial aggregation is also observed, and the π-π stacking distance between two molecules of [4-
6] is 3.237 Å as shown in Figure 4.33 (b). The –NMe2 substituent of [4-6] is arranged in an 
opposite direction, tail to tail as shown in top view in Figure 4.33 (c). The crystal packing 
diagram of [4-6] along the c axis is shown in Figure 4.33 (d). The head-to-head hydrogen 
bonding, tail to tail π stacking and F---F short contributes to crystal stability of [4-6]. 
(b) (c) 
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(a) 
(b) 
(c) 
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Figure 4.33 (a) Head-to-head H-bonding. (b) Tail-to-tail - stacking, side view (c) Tail-to-tail 
- stacking, top view. (d) Columnar packing based on H-bonding and - stacking; inter-
columnar F-F interactions. The H atoms have been omitted for the sake of clarity. 
 
The alternative H-bonding and π-π stacking are observed across the zig-zag long range sheet type 
structural assembly of molecules in crystal lattice. The complete crystallographic data of [4-6] is 
presented in Appendix N. 
 
4.4 Conclusions 
 The first asymmetric perfluoroalkyl phthalocyanines of intermediate steric hindrance 
F52aPcCo [4-2] and F40PcCo [4-3] were synthesized and characterized successfully by NMR, IR, 
UV-VIS spectroscopy and X-ray crystallography. The F52aPcCo shows the least aggregation in 
solution, while aromatic solvent stacking is seen in the solid state. The partial aggregation of 
F40PcCo is observed in solution as well as in the solid state. The bulky four i-C3F7 groups in 
(d) 
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F40PcCo were found to be cis geometry as opposed to trans, which is similar to F40PcZn structure 
confirmed by X-ray crystallography. Analytical and semi-preparative reverse phase separation 
methods were developed for cobalt complexes of the semi-bulky and bulky fluoro 
phthalocyanines i.e. F40PcCo, F52aPcCo and F64PcCo. The elution order was found to be 
completely reversed on C18 column compared to that observed for isostructural ZnPcs (F64PcZn, 
F52aPcZn and F40PcZn). Pure samples of the perfluorinated cobalt phthalocyanines were 
obtained. The metal center was found to play major role in determining elution times and even 
the order of elution of similar series of complexes on a reverse phase C18 column. 
 The asymmetric mono functional fluorinated CoPcs [4-4]-[4-6] were synthesized, 
characterized and their purification methodology was developed on reverse phase C18 HPLC 
column as well as on normal phase silica column. The reverse phase was found to be more 
versatile for large scale separation of CoPcs [4-2]-[4-6]. The mono functional group derived 
functionalized CoPcs [4-4]-[4-6] partially aggregate. The X-ray crystal structure of [4-6] was 
solved from the data obtained by synchrotron X-ray radiation and partial aggregation was also 
observed in solid state of [4-6]. The F52aPcCo and cis-perfluorinated F40PcCo scaffold might be 
suitable for next generation catalytic applications. The mono functional group containing 
fluorinated CoPcs [4-4]-[4-6] might also be suitable for solid surface attachment and 
heterogeneous catalysis. The electron transfer ability via catalytic redox chemistry of all CoPcs 
[4-2]-[4-6] in the oxidation of thiols is provided in Chapter 6. The two types of catalytic systems, 
one containing fully perfluorinated cobalt catalyst with tunable aggregation (2
nd
 generation) and 
second with “mono functional cobalt catalyst (3rd generation) will be ideal class for development 
of future catalytic applications based on the already proven non-aggregating F64PcCo (1
st
 
generation). 
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CHAPTER 5 
 
ENERGY TRANSFER: PHOTOCATALYSIS USING SINGLET OXYGEN 
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5.1 Introduction 
 Singlet oxygen, (
1
O2) is an energetically rich form of molecular oxygen, and the focus of 
intense laboratory research. The possible involvement of electronically excited, metastable 
1
O2 as 
a reactive intermediate in dye-sensitized photo-oxygenation reactions was first suggested by 
Kautsky et al.
1
 Spectroscopic investigations led by Khan and Kasha, interpreted the 
chemiluminescence of the hypochlorite-peroxide reaction to be due to the liberated 
1
O2 in 
solution.
2 
Sensitized photo-oxygenation reactions utilizing hydrogen peroxide and sodium 
hypochlorite for derivatizing different organic acceptors have been subsequently described by 
Foote and Wexler.
3
 Singlet oxygen reacts with a multitude of organic substrates, including 
dienes, alkenes, sulfides, aromatics, terpenes, fatty acids, steroids, proteins, blood pigments and 
synthetic polymers.
4-9 
The  unique physical, chemical, and biological properties of 
1
O2 have 
stimulated its application to numerous processes, ranging from photo-oxidation, DNA damage, 
blood sterilization, and photodynamic therapy of (PDT) of cancer to polymer science.
10
 Two 
types of methods are available for 
1
O2 generation: dark and light reactions. The latter category, 
attractive from an industrial perspective comprises its photosensitized generation, which involves 
utilization of photosensitizers
11
 and light of an appropriate wavelength, thus activating ground 
state 
3
O2 to its singlet state.
12
 
 Several groups of photosensitizers, such as organic dyes Rose Bengal [5-2], Figure 5.1 
and aromatic hydrocarbons,
13
 porphyrins, phthalocyanines, and related tetrapyrroles,
14
 transition 
metal complexes
15
 have been shown to be active in 
1
O2 production in homogeneous solutions 
(aqueous or organic) as well as when placed on a solid support. The efficiency of 
photosensitization depends, inter alia on the photophysical properties of photosensitizer’s lowest 
excited triplet state. The ideal photosensitizer must possess the following properties for effective 
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energy transfer to oxygen ground state 
3
O2: no aggregation in solution, a high molar absorption 
coefficient in the spectral region of the excitation wavelengths, high photo stability, a triplet state 
of appropriate energy (ET > 95 kJ mol
-1
), high quantum yield (ΦT > 0.4), and a long lifetime of 
the triplet state (τ > 1 µs).16  
 The naturally-occurring porphyrin and related macrocycles are distinct due to their 
thermal stability, high molar extinction coefficients in the UV-Vis region, ease of synthetic 
modification of peripheral/non-peripheral substituents, as well as tunable metal centers, which 
can be further tuned by axial ligands.
17
 They have broad applicability in environmental 
remediation and photodynamic therapy of cancer.
12,18
  
 Phthalocyanines, intensely colored synthetic dyes and analogues of porphyrin, differ by 
having extra four nitrogen atoms linked to the individual four fused pyrrole units with a benzene 
ring (see Figure 1.1, Chapter 1). Their higher thermal stability compared to porphyrins and 
strong light absorption in the red region, which overlaps with the region of maximum light 
penetration in tissues, make them ideal candidates for biological and environmental-related 
photocatalytic applications.
19 
The diamagnetic metallo-Pcs, with closed d-shell orbitals were 
found to be excellent photosensitizers. However, conventional C-H bonds-containing metallo-
Pcs, have limited photostability when used for aerobic photooxidations.
20 
The introduction of 
fluorinated atoms in metallo-Pcs resulting in F16PcM, enhance Pcs thermal and photostability, 
but aggregation, limited solubility and susceptibility of nucleophilic displacement reactions of 
their aromatic C-F bonds are limiting factors for the wide utilization of this class of molecules.  
 The selective replacement of the eight, peripheral aromatic C-F bonds in F16Pc with 
aliphatic C-F (i-C3F7 groups) bonds can overcome the above problem as illustrated by the 
154 
 
perfluoroalkylated perfluorinated F64Pc class, introduced by our group previously.
21
 The 
diamagnetic F64PcZn, exhibits favourable structural and photo-physical properties, which include 
non-aggregation (both in solution and solid state) imparted by the eight bulky i-C3F7 groups on 
peripheral positions, chemical inertness, energetically depressed frontier molecular orbital 
(smaller HOMO-LUMO gap), high singlet oxygen production quantum yield, (ΦT > 0.8), long 
excited triplet state lifetime (τ > 52±3 µs) etc. Altogether, these properties make F64PcZn an 
efficient photo-catalyst for many applications, such as photo-oxidation of organic substrates 
(citronellol), PDT and environmental remediation.
21,22
 
 Structural analogues of F64PcZn include the newly designed perfluorinated, functional 
fluorinated ZnPcs presented in Chapter 3 (Figure 5.1, [3-2]-[3-6]). 
 
Figure 5.1 Structures of photosensitizers: perfluorinated Pcs, [3-1]-[3-3], [5-1]; functional, 
fluorinated Pcs [3-4]-[3-6] and Rose Bengal [5-2]. 
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These molecules were tested for photo-oxidation reactivity using (S)-(–)-Citronellol (Figure 5.3). 
Their photo-stability and photo-catalytic reactivity are discussed in this chapter. Heterogeneous 
photo-catalysts using F64PcZn immobilized on solid supports, mainly silica gel nano-powders [5-
6], and imidazole functionalized silica gel [5-7] shown in Figure 5.2 have been developed to 
demonstrate photo-oxidation reactions in aqueous media using the water soluble 
1
O2 detection 
trap, anthracene-9,10-divinylsulfonate, AVS,
23
 (Figure 5.3, [5-10]). Reverse phase HPLC 
methods are used to detect the photooxidized 
1
O2 product of AVS, i.e. AVSO2 along with 
1
H 
NMR and UV-Vis spectroscopy characterization. 
 
Figure 5.2 Graphical representations of the heterogeneous fluorinated photo-sensitizer 
F64PcZn@SiO2 [5-6] and F64PcZnЄSi-Imidazole [5-7].
 
(Note: The @ symbol denotes that the Pc 
is supported on SiO2, while Є denotes interaction of metal center with lone pair of imidazole 
functionalized solid support). 
  
 
Figure 5.3 Structures of organic solvents soluble 
1
O2 trap (S)-(–)-Citronellol [5-3] and water 
soluble 
1
O2 trap AVS [5-10]. 
F64PcZnЄSi-Imidazole [5-7] 
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5.2 Introductory background: photosensitized 
1
O2 production 
5.2.1 Electronic Absorption and Emission Processes 
 The absorption of photons and subsequent promotion of electrons between the frontier 
molecular orbitals (HOMO-LUMO) forming energetically excited states are the central 
phenomena for typical photo-luminescent molecules. The excited states of diamagnetic ZnPc can 
be illustrated by a partial energy-level diagram, called a Jablonski diagram.
24 
  
Figure 5.4 Simplified Jablonski diagram of electronically excited states for Pc complexes and 
associated transitions. Non-radiative processes are indicated by dashed arrows. Electronic ground 
energy states are shown in bold lines. Abbreviations: A, absorption; F, fluorescence; P, 
phosphorescence; IC, internal conversion; ISC, intersystem crossing; VR, vibrational 
relaxation.
24
 
 
 The electronic state of ZnPc, in which all electron spins are paired, represents the ground 
singlet state, abbreviated 
1
Pc0. Its ground state energy level represented by the lowest heavy 
horizontal line in the diagram. The absorption of a photon by ZnPc leads to three excited 
electronic states depending on the photon’s energy and its ground-state electronic energy levels, 
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represented by the bold lines. The first and second columns represent the second (
1
Pc2) and first 
(
1
Pc1) singlet excited states respectively while the third column represents the energy of the first 
excited triplet state (
3
Pc1). The energy of the first excited triplet state is lower than the energy of 
the corresponding singlet state. The lighter lines are the vibrational energy levels associated with 
each electronic state. The excited electronic states 
1
Pc1 and 
1
Pc2 can rapidly lose excess 
vibrational energy at very fast rates (typically 10
−13–10−12 s or less),25 and results in occupation of 
the ground vibrational states of 
1
Pc1 or 
1
Pc2, respectively. This non-radiative process is termed as 
"vibrational relaxation". A non-radiative process, called internal conversion occurs between two 
excited vibrational states of similar spin multiplicity, e.g. 
1
Pc2 → 
1
Pc1, at equally fast rates to 
vibrational relaxations within each electronic state. While electronic transitions can occur from 
the ground state singlet state to various vibrational levels of the excited singlet electronic states, 
direct excitation to the triplet state is spin-forbidden since involves a change in spin multiplicity. 
The transition has a very low probability of occurrence and therefore not shown in the diagram. 
The non-radiative intersystem crossing, from excited singlet to an excited triplet state is also 
spin-forbidden because it involves the change in spin multiplicity, but possible in paramagnetic 
or transition metal complexes through spin-orbit coupling in which an electron inverts its spin, 
leading to the 
1
Pc1 → 
3
Pc1 transition.
25
 The excited ZnPc can return to its ground state by a 
combination of several steps represented by the straight, downward pointing, vertical arrows in 
Figure 5.4. Two of these deactivation pathways, fluorescence and phosphorescence, involve the 
emission of a photon. Radiative emission can occur from 
1
Pc1 to 
1
Pc0 resulting in spin-allowed 
fluorescence, while radiative emission from 
3
Pc1 to 
1
Pc0 results in spin-forbidden 
phosphorescence. These emission processes always involves a transition from the lowest 
vibrational level of excited electronic states, 
1
Pc1 and 
3
Pc1, according to Kasha’s rule.
27 
Photon 
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absorption is very rapid and takes place in about 10
−14 
to 10
−15
 s, while fluorescence emission, on 
the other hand, occurs more slowly compared to photon absorption, but much faster compared to 
phosphorescence (10
−10–10−8 vs. 10−7–102 s, respectively),24-26 The longer phosphorescence 
emission time is due to the significantly longer lifetimes of the excited triplet states. 
 
The other 
deactivation pathways are without the use of the radiation processes, indicated by wavy arrows. 
The favored route to the ground state is the one that minimizes the lifetimes of the excited state. 
 The variation in excited triplet state lifetimes (τ) of ZnPc photosensitizers depends on 
their molecular orbital (MO) diagrams, as well as solvent-induced bimolecular deactivation 
pathways. Among the homogeneous or heterogeneous perfluorinated ZnPcs, presented in this 
chapter, their excited triple state lifetimes (τ) varies considerably, For example, planar F16PcZn 
has a triplet state lifetime < 1 μs,28 while the observed τ for F64PcZn is 52±3 μs.
21
 The depression 
and stabilization of frontier orbitals energy induced by the combination of aliphatic i-C3F7 
groups and aromatic C-F bonds, as well as the lack of aggregation of F64PcZn must be at least 
partially responsible for its higher τ value.29 The existence of longer triplet state lifetimes of 
photosensitizers is essential for bimolecular energy transfer to triplet ground state molecular 
oxygen, 
3
O2, leading to efficient production of singlet 
1
O2. The fluorine groups arrangement in 
F64PcZn impart chemical inertness to the 
1
O2 produced, selective for long lasting 
1
O2 generation 
and thus a key step for photo-catalysis. In addition to fluorescence and phosphorescence, 
bimolecular deactivation is possible through photo-physical (energy transfer) or photo-chemical 
(electron transfer) pathways in which the excited state of Pc interacts with identical or different 
ground-state Pc. Pc aggregation in solution through π–π stacking interactions provides a 
deactivation pathway, among others, and is referred to as “quenching”,11,25 limiting the energy 
transfer to dioxygen as well as the intersystem crossing to the triplet 
3
Pc1 state, thus overall 
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affecting 
1
O2 production specifically. The dimerization between an excited 
1
Pc1 and a ground 
1
Pc0 state leads to an excited assembly which then decays to its ground-state, as shown by eqn. 
5.1.
11,25
 
 
1
Pc1 + 
1
Pc0 → 
1
(Pc2)1 → 
1
(Pc2)0 + hν  (5.1) 
 
Solvents minimizing the extent of Pc aggregation and/or favoring non-aggregating Pcs 
are desired for effective photo-catalysis. The fluorinated ZnPcs presented in this chapter are 
interesting for developing many photo-catalytic applications due to their photo stability and 
solvent-dependent partial aggregation or non-aggregating behavior. 
5.2.2 The electronic structure of Singlet Oxygen 
Molecular orbital (MO) theory clearly explains the electronic structure of molecular 
oxygen. Molecular oxygen is triplet (
3
O2, 
3Σg−), in its ground state with two unpaired electrons 
distributed in the π* doubly-degenerate HOMO level, as shown by the diagram of Figure 5.5.30 
 
Figure 5.5 MO diagram of molecular oxygen in its triplet (
3
O2) and singlet (
1
O2) states.
30 
 
 The triplet multiplicity of molecular oxygen is the result of its paramagnetic nature. The 
chemical inertness of 
3
O2 molecular oxygen towards singlet ground state organic compounds 
160 
 
arises due to the spin barrier. The spin-allowed energy transfer from triplet state of a chemically 
different species or triplet excited state photosensitizer such as
 3
Pc1 can cause rearrangement of 
the two electrons in the degenerate HOMO π* orbitals of molecular oxygen. The energy transfer 
can lead to two low-lying singlet excited states, 
1Δg and 
1Σg+, 95 kJ mol−1 (22.5 kcal mol-1) and 
158 mol
−1
 (31.5 kcal mol
-1
) above the triplet state (
3Σg−) level, respectively.31(a) The electronic 
configurations of these states differ only by the structure of the π-antibonding orbitals (Figure 5.5 
inset). The first excited singlet state 
1Δg, has the two electrons paired in a single orbital. The 
second excited singlet state, 
1Σg+ electron configuration is identical to that of the ground state, 
however the two electrons have antiparallel spins in separate orbitals (Figure 5.5). The spin 
restriction for reactivity is now removed in both singlet excited states, and they can oxidize 
singlet substrates. The transition from the 
1Δg to 3Σg+ is spin forbidden. On the other hand the 
spin allowed transition can occur from 
1Σg+ to 1Δg. Therefore the lifetime of 1Σg+ state is much 
shorter compared to 
1Δg. The 1Σg+ state decays to 1Δg before any reactions can occur with 
substrate and thus it is the lower-energy 
1Δg species that reacts chemically as 1O2. The lifetime of 
1
O2 generally is also solvent-dependent because 
1
O2 in solution can deactivate by transferring its 
electronic energy to solvent vibrations.
31b
 Solvents with high vibrational frequencies provide the 
most efficient relaxation. For example the short 3.3 μs 1O2 lifetime in water is due to strong –OH 
vibration near 3600 cm
-1
. Solvents with CH groups (~3000 cm
-1
) are the next most efficient for 
shortening the lifetime of 
1
O2. The replacement of H atom in –OH/–CH by deuterium or heavier 
atoms decreases the quenching rate constant of the solvent because the corresponding vibrations 
shift to lower frequency, therefore, 
1
O2 lifetime increases in solvents like D2O (60 μs) and CCl4 
(31000 μs).32 Aqueous heterogeneous photo-oxidation experiments disclosed in this chapter were 
also performed in D2O due to long lifetime of 
1
O2 compared to water. 
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5.3 Experimental Section 
5.3.1 General Experimental 
All solvents (ACS grade or better) and reagents were purchased from commercial sources 
and used as received, unless stated otherwise. (S)-(–)-Citronellol and Rose Bengal were 
purchased from Alfa Aesar. 9,10-dibromoanthracene, trans-di(m-acetato)-bis[o-(di-o-
tolylphosphino)- benzyl]dipalladium(II) were purchased from Sigma Aldrich. The silica gel nano 
powder (10-20 nm particle size) was obtained from Aldrich, and the imidazole functionalized 
silica gel (Si-Imidazole) was obtained from Silicycle. Zinc(II) hexadeca-fluorophthalocyanine 
(F16PcZn) [5-1], was purchased from Sigma Aldrich. The ethanol used for photooxidation 
experiments was 100%. The fluorinated catalysts [3-1]-[3-6] were prepared by the procedures 
described in Chapter 3. The experimental procedures for heterogeneous catalysis using [5-6] and 
[5-7] are described in this chapter, sections 5.3.4 and 5.3.5 respectively. 
1
H NMR spectra were 
obtained at ambient temperature using a Varian Inova 500 MHz instrument. 
1
H chemical shifts 
are reported in ppm and referenced according to standard deuterated solvent signals. The NMR 
spectra were processed with the ACD/NMR Processor software. Electronic absorption spectra 
were collected with a HP Diode array spectrophotometer 8425A. High-resolution mass spectra 
(HRMS) were acquired at the University of Michigan (Ann Arbor, MI) by electrospray 
ionization in the positive mode (ESI+)/negative mode (ESI-) or atmospheric pressure chemical 
ionization in the negative mode (APCI-). The schematic of the custom made photoreactor is 
shown in the general experimental section of Chapter 1. The temperature of the jacketed reaction 
vessel was kept constant with a circulating Lauda Brinkmann Ecoline RS-106 bath. 
5.3.2 General procedure for the photooxidation of (S)-(–)-Citronellol 
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Photo-oxidations of (S)-(–)-Citronellol were performed in a 100 mL double-walled 
jacketed glass vessel maintained at 25 
o
C. The reaction mixtures consisted of 20±2 μM PcZn 
[2.1, 1.77, 1.46, and 0.87 mg of [3-1]-[3-3], [5-1] respectively], catalyst solutions in 50 mL 
ethanol and 180 μL (1.0 mmol) (S)-(–)-Citronellol. Substrate/catalyst molar ratio was ~1000:1. A 
saturated O2 atmosphere was achieved by passing O2 (99.99%) for 10 min through the catalyst 
solution. Illumination was performed using 300 W halogen lamps with a Kodak Ektagraphic III 
slide projector, creating a light intensity of 2.5±0.1 × 10
5
 lux, measured at the outer wall of the 
glass reaction vessel with an EA33 model light meter (Extech Instruments, Waltham, MA). The 
system was sealed and oxygen consumption was recorded under illumination after injecting (S)-
(–)-Citronellol into the reaction vessel. Any initially accumulated overpressure was released by 
quick purges through a Teflon stopcock. For each catalyst illumination was maintained for ~ 3 to 
5 h, after which the system was opened and the composition of the mixture was analyzed by UV-
Vis and 
1
H NMR. The maximum theoretical O2 consumption in all cases at 25 °C was limited to 
24.45 mL, according to the observed 1:1 overall reaction stoichiometry (see below, Figure 5.6). 
5.3.3 Photo-physical Measurements 
Emission spectra were acquired with a Horiba Jobin Yvon FluoroLog (Model: FL3-11) 
Spectrofluorometer coupled with the FluorEssence v3.5 software. 167.6 µL of a 71.6 µM stock 
solution of F40PcZn [3-3] in n-propanol was diluted to 3 mL for all fluorescence measurement. 
Fluorescence quantum yields were determined via a comparative method using H16PcZn in n-
propanol (18.5 µM stock soln.) as the standard over a range of five different concentrations 
obtained via dilution from the stock solution, with the highest absorbance being less than 0.1 
A.U. 
5.3.4 Synthesis of the heterogeneous catalyst F64PcZn@SiO2, [5-6] 
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The F64PcZn (10.0 mg, 0.005 mmol) was dissolved in 50.0 mL ethanol and 1.0 g of silica gel 
nano powder was added. The mixture was stirred for 30 min and then evaporated to dryness 
using a rotary evaporator. The solid powder was dried in oven at 150 
o
C for 24 h prior to use. 
The solid state characterization studies of the catalyst are currently in progress. 
5.3.5 Synthesis of the heterogeneous catalyst F64PcZnЄSi-Imidazole, [5-7] 
 The F64PcZn (10.0 mg, 0.005 mmol) was dissolved in 25 mL of THF and refluxed for 30 
min. Commercially available silica imidazole (1.0 g) was added and the reaction mixture was 
refluxed for another 30 min. Unlike the case of [5-6], the solution becomes colorless. The green 
solid were collected by filtration, washed with THF, followed by ethyl acetate and dried in oven 
at 150 
o
C for 24 h prior to use. The catalyst characterization is in progress. 
5.3.6 Synthesis of the water-soluble 
1
O2 trap AVS·4H2O, [5-10]
23
 
The 
1
O2 trap, 9,10-dibromoanthracene, (2.95 g, 8.76 mmol), sodium acetate (NaOAc), 
(1.76 g, 21.46 mmol), and trans-di(m-acetato)-bis[o-(di-o-tolylphosphino)benzyl]dipalladium 
(II), (81 mg, 0.09 mmol), were dissolved in a DMF/NMP 33:33 v/v mL solvent mixture. The 
mixture was heated at 100 °C (~ 30.0 min) until complete dissolution was observed. Separately, 
a 25% aqueous solution of sodium vinyl-sulfonate (11.0 mL, 24.86 mmol) was evaporated down 
to a volume of ~ 8.0 mL. This concentrated solution was added to the hot reaction mixture in one 
portion, and the resulting solution was refluxed for 18 h (~ 110 °C). The reaction mixture was 
cooled to room temperature and the precipitates were filtered off. The solid precipitates were 
suspended in a H2O/EtOH 30:35 v/v mL mixture and refluxed for 30 min. The hot solution was 
filtered to remove insoluble metallic Pd residues. The hot filtrate was cooled to room 
temperature; the precipitate that formed was collected and dried to yield a yellow crystalline 
solid (2.38 g, 62.5 % yield). 
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1
H NMR (500 MHz, D2O): δ [ppm] = 6.37 (d, J=15.86 Hz, 2 H), 7.34 (d, J=15.80 Hz, 2 H), 7.46 
- 7.58 (m, 4 H), 7.75 - 7.84 (m, 4 H); Calcd for C18H12Na2O6S2 [M-Na]
+
, 410.99, observed: 
410.8. 
5.3.7 HPLC method for detecting AVS photo-oxidation products 
All mobile phases were composed of deionized (DI) water (18 Ω) and HPLC grade methanol. 
The DI water (18 Ω) was obtained from a Millipore machine; ammonium acetate was used to 
obtain a 0.1 M aq. ammonium acetate buffer solution. 
HPLC: Alliance Waters 2695 Separations Module 
Detector: Waters 2487 Dual λ Absorbance Detector 
Column: Agilent Zorbax CN 5µ 4.6 x 150 mm 
Flow rate: 1.0 mL/min 
Solvent mixtures: 0.1 M aqueous Ammonium Acetate/Methanol, 90:10 v/v 
Mode: Isocratic 
Wavelength: 220/250 nm (single λ detection) 
Injection Volume: 5 μL 
Sample concentration: 0.1 mg/mL of AVS/AVSO2 aqueous solution 
 
5.4 Results and Discussion 
5.4.1 Homogeneous Photooxidation of (S)-(–)-Citronellol (Organic 1O2 trap) 
The photo-sensitizer/ photo-catalyst absorb light, which drives the process of 
photosensitization.
 
The photo-oxidation/photo-oxygenation is a sub-type process of photo-
sensitization,
11
 in which molecular oxygen (O2) gets incorporated into another substrate. Photo-
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oxygenation of substrate (RH) in presence of a photo-catalyst takes place via several 
mechanisms as proposed in literature, following three types of reaction.
11,12,33 
Type I: Reaction of 
3
O2 with R
●
 radicals formed photo-chemically. 
Type II: Reaction of RH with 
1
O2 formed photo-chemically. 
Type III: Reaction of superoxide O2
●−
 with R
●+
 radical cations, both formed photo-chemically by 
electron transfer from excited states of the photo-sensitizer. 
The involvement of Type I or Type III mechanisms for the observed photo-oxygenation of 
substrates were reported for some other class of photosensitizers. In the case of diamagnetic 
metallo Pcs, the involvement of Type II mechanism is highly favored. The electron deficient 
photosensitizer, for example F64PcZn, is resistant towards chemical/electrochemical oxidation 
thus disfavoring Type I/Type III processes according to all available evidence.
21,29,34 
The absence 
of color changes in the reaction mixture or change in UV-Vis spectrum during photo-
oxygenation reaction with all fluorinated complexes studied in present research also supports a 
Type II process involving classical energy transfer through bimolecular deactivation between the 
excited triplet state of the photosensitizer and ground-state triplet oxygen.
14c,22a
 However, the 
possibility of rapid color changes (eg. nanosecond) during the reaction is difficult to observe 
visually.  
The following are the mechanistic steps involved in photo-oxidation for citronellol. 
 
1
Pc0 + hν → 
1
Pc1  (5.2) 
1
Pc1 → 
3
Pc1   (5.3) 
3
Pc1 + 
3
O2 → 
1
Pc1 + 
1
O2 (5.4) 
1
O2 + RH → ROOH  (5.5) 
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The photo-chemically generated 
1
O2 molecule is partially electrophilic in nature and undergoes a 
cycloaddition reaction with electron acceptors such as dienes or aromatic hydrocarbons. 
Although 
1
O2 reacts with a wide range of organic substrates, an agreement on whether specific 
reactions occur through cycloaddition, peroxide or di-radical intermediates has not been 
reached.
16,25 
Several reported reactions of singlet oxygen suggested six centered transition states, 
typical for pericyclic transformations. Most of the publications reporting industrially important 
Citronellol’s oxygenation to its hydroperoxide isomers, [5-4] and [5-5] 14c,15b,22a as shown in 
Figure 5.6 favor a classical Schenk-ene mechanism.
35
 According to this mechanism, hydrogen 
abstraction occurs from an activated allylic position of the alkene and concerted addition of 
oxygen with a migration of the double bond occurs, as shown in Figure 5.7. The hydroperoxide 
[5-4] is further used in industrial process of Rose oxide formation, a component of many 
fragrances.
15b
  
 
Figure 5.6 Photo-oxidation reaction scheme of (S)-(–)-Citronellol to hydroperoxides [5-4] and 
[5-5]. 
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Figure 5.7 Hydroperoxide isomers formation by oxygenation of (S)-(–)-Citronellol via a 
Schenk-ene mechanism.
35 
 
 The identity of the two hydroperoxides can be easily established by 
1
H NMR; the 
chemical shifts of these products were previously reported.
15b,36
 The reaction follows a 1:1 
stoichiometry, Figure 5.6 and is highly regiospecific with the two hydroperoxides being the only 
products identified in the reaction mixture. At 25 °C, the maximum theoretical volume of oxygen 
required to completely transform 1 mmol of citronellol is 24.45 mL. Several control experiments 
were performed for photo-oxidation reaction of citronellol to test the accuracy of the catalytic 
equipment, as reported previously.
37
 Non-catalyzed photo-oxidation of (S)-(–)-Citronellol does 
not consume any O2, when reaction monitored ~ 5 h of irradiation. Oxygen consumption over 
time in the photo-oxidation of (S)-(–)-Citronellol using all fluorinated ZnPcs, [3-1]-[3-3] and [5-
1], photo-catalysts are shown in Figure 5.8. 
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Figure 5.8 (a) Oxygen consumption during the catalyzed photo-oxidation of (S)-(–)-Citronellol 
in ethanol. (b) Inset: initial reaction rates, shown as linear fits on data points recorded within the 
first 17 min of each reaction. 
 
 The oxygen consumption data during photo-oxidation of (S)-(–)-Citronellol using 
fluorinated ZnPcs [3-1]-[3-3], [5-1], clearly suggests that the efficiency of the photosensitizers is 
directly related to their degree of aggregation in ethanol solvent and their ratio of i-C3F7/aromatic 
fluorine in complexes. The aggregation study to quantify dimer versus monomer concentration in 
ZnPcs [3-2], [3-3] and [5-1] catalyzed reactions is currently in progress. The functional PS, i.e. 
carboxy derived F48H7(COOH)PcZn [7-17], catalyzed photo-oxidation of (S)-(–)-Citronellol, 
catalytic parameter (Table 5.1) used here for comparison (Chapter 7) with [3-2], [3-3] and [5-1] 
catalyzed reactions. Its calculated initial reaction rate 27.83 μmol O2 min
−1
 and turnover 
frequency 460, (TOF, mmol substrate s
−1
 mol Pc
−1
) is much higher compared to ZnPcs [3-1]-[3-
3], [5-1]. The distinct features of F48H7(COOH)PcZn [7-17], asymmetry, non-aggregating feature 
and carboxylic acid function group might have played a role. Among the fluorinated ZnPcs, non-
aggregated and slightly aggregated, F64PcZn [3-1], F52aPcZn [3-2] respectively, show the highest 
(a) (b) 
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turnover numbers and initial reaction rates (Table 5.1). The partially aggregated [3-3] has a lower 
oxygen consumption rate compared to [3-1]-[3-2], whereby the lowest oxygen consumption was 
recorded for planar aggregated F16PcZn [5-1]. The parameters of the photo-catalysis are 
summarized in Table 5.1. The total turnover number (TONmax) was calculated as the actual ratio 
nsubstrate/ncatalyst (μmol/μmol) present in the reaction solution. 
Table 5.1 Parameters of the perfluorinated ZnPcs catalyzed photo-oxidation of (S)-(–)-
Citronellol in ethanol
†
 
Catalyst Rate
a
 
[μmol O2 min
−1] 
TOF
b
 
[mmol (S)-Cit.
*
 
s−1 mol Pc−1] 
TON
c
 
[mol (S)-Cit. 
 mol Pc−1] 
TONmax 
[mol (S)-Cit. mol 
Pc−1] 
 TON 
 TONmax 
F16PcZn 3.19 53 590 995 0.59 
F40PcZn 5.05 84 855 1004 0.85 
F52aPcZn 12.65 210 922 998 0.93 
F64PcZn 12.91 212 830 984 0.84 
F48H7(COOH)PcZn
#
 27.83 460 867 984 0.88 
aInitial reaction rate, μmol O2 min
−1, calculated from the linear fit portion in the Figure 5.8 (b). 
bTurnover frequency, mmol substrate s−1 mol Pc−1, calculated under pseudo-first order conditions. 
cTotal oxidation number after 5 h, calculated stoichiometrically as: (final recorded O2 volume [mL] / molar volume 
of O2 at 25 °C [24.45 mL mmol
−1]) × (1000 [μmol substrate mmol O2
−1] / nPc [μmol Pc]
 ). 
*Abbreviation for (S)-(–)-Citronellol. 
#F48H7(COOH)PcZn, [7-17] data from Chapter 7 is used here for comparison.  
†Reported reaction rate are not normalized per monomer concentration present in catalytic solution. 
 
The high initial reaction rate of F64PcZn is due to several combined features such as presence of 
eight electron withdrawing bulky i-C3F7 groups in peripheral position, increases Lewis acidity of 
metal, HOMO stabilization, high 
1
O2 quantum yield, and photo-stability leading to single-site 
efficient photo-catalysis, as reported previously.
22a
 The efficiency of photo-catalysts follows the 
order F48H7(COOH)PcZn > F64PcZn, F52aPcZn > F40PcZn > F16PcZn according to their initial 
reaction rates 27.83 > 12.91, 12.65 > 5.05 > 3.19 µmol O2 min
-1
, respectively. The initial 
reaction rate of asymmetric, least aggregated F52aPcZn [3-2] (comparison of the UV-Vis 
spectrum acquired in chloroform and ethanol does not indicate aggregation of [3-2], see Figure 
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3.4, Chapter 3) and symmetric non aggregating F64PcZn [3-1] are almost identical due to their 
structural resemblance and also greater than the symmetric partially aggregated F40PcZn [3-3]. 
This reveals that symmetry of complex is not crucial in the observed photo-catalytic activity. 
However aggregation matters the most. The aggregation of F16PcZn in solution results in an 
observed short, < 1µs, lifetime of its triplet excited state resulting in inefficient energy transfer to 
ground state oxygen.
28
 The partially aggregated F40PcZn [5-3], is more efficient in photo-
catalysis compared to the aggregated F16PcZn. The steric bulk of i-C3F7 substituents in 
fluorinated ZnPcs protect the macrocycles from 
1
O2 attack and thus it reacts with the 
substrate/trap present in solution. 
5.4.1.1 Amino Functionalized Perfluorinated Catalyst [3-4]-[3-6], in Homogeneous 
Photooxidation of (S)-(–)-Citronellol 
  
Small electron donating substituents such as –NH2, –NHMe, –NMe2 in [3-4] to [3-6], 
respectively, decrease the oxygen consumption rates. Less oxygen consumption was recorded 
using photo-catalysts [3-4]-[3-6] (Table 5.2). The presence of at least one electron donating 
substituent is capable to shortening the excited state lifetime of heavily perfluorinated ZnPcs [3-
4]-[3-6], resulting in a loss of photo-catalytic activity. The involvement of nitrogen lone pair co-
ordination between two molecules via partial aggregation in quenching the excited state lifetime 
might also be possible, as observed in the solid state crystal structure of NMe2F51PcCo [4-6] (see 
Figure 4.33, Chapter 4). Another process called photoinduced electron transfer (PET) i.e. 
quenching the excited state of photosensitizer by electron transfer from electron-donating groups 
(eg. amines) connected to the aromatic system of chromophore is also well known
38
 and might 
be observed here with functionalized perfluoroalkyl ZnPcs [3-4]-[3-6]. The exact mechanisms 
observed resulted in loss of 
1
O2 production efficiency of ZnPcs [3-4]-[3-6] are not clear yet and 
required further investigation. Catalytic parameters for the homogeneous photooxidation of (S)-
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(–)-Citronellol using [3-4]-[3-6] such as initial reaction rates, turnover numbers (TON) etc. are 
presented in Table 5.2 for [3-4]-[3-6]. 
        
Figure 5.9 (a) Oxygen consumption during the ZnPc [3-4]-[3-6], catalyzed photo-oxidation of  
(S)-(–)-Citronellol in ethanol and (b) initial reaction rates, shown as linear fits for each reaction. 
Table 5.2 Reactivity parameters of the mono functional perfluorinated ZnPcs [3-4]-[3-6], 
catalyzed photo-oxidation of (S)-(–)-Citronellol† 
Catalyst Rate
a
 
[μmol O2 min
−1] 
TOF
b
 
[mmol (S)-Cit.
*
 
s−1 mol Pc−1] 
TON
c
 
[mol (S)-Cit. 
 mol Pc−1] 
TONmax 
[mol (S)-Cit. mol 
Pc−1] 
 TON 
 TONmax 
NH2F51PcZn 1.01 16 399 979 0.41 
NHMeF51PcZn 0.90 15 291 987 0.30 
NMe2F51PcZn 0.64 11 289 984 0.29 
aInitial reaction rate, μmol O2 min
−1, calculated from the linear fit portion in the Figure 5.9(b). 
bTurnover frequency, mmol substrate s−1 mol Pc−1, calculated under pseudo-first order conditions. 
cTotal oxidation number after 5 h, calculated stoichiometrically as: (final recorded O2 volume [mL] / molar volume 
of O2 at 25 °C [24.45 mL mmol
−1]) × (1000 [μmol substrate mmol O2
−1] / nPc [μmol Pc]
 ). 
*Abbreviation for (S)-(–)-Citronellol. 
†Reported reaction rate are not normalized per monomer concentration present in catalytic solution. 
 
The initial reaction rates for the catalyzed photo-oxidation of (S)-(–)-Citronellol 1.01, 0.9, 0.64 
μmol O2 min
−1
 using ZnPcs [3-4]-[3-6], respectively, are very low compared to perfluorinated 
ZnPcs [3-1]-[3-3]. The TOF, and the ratio of TON/TONmax are also found to be low for ZnPcs 
(a) (b) 
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[3-4]-[3-6], catalyzed reaction and, therefore these molecules are considered as inactive photo-
catalysts. 
5.4.1.2 Catalysts stability during homogeneous photooxidation of (S)-(–)-Citronellol 
 The stability of the perfluorinated catalyst [3-2]-[3-6] during the photo-oxidation of (S)-
(–)-Citronellol was checked by UV-Vis with spectra acquired before and after the reaction. The 
respective UV-Vis spectra for [3-2]-[3-6] were found to be identical before and after the photo-
oxidation reaction as shown in Figure 5.11 (a)-(e). It appears that the combination of C-F 
aliphatic and aromatic fluorines in the newly designed ZnPcs macrocycle imparts photochemical 
inertness against singlet oxygen attacks, similarly as reported earlier for the “immortal” F64PcZn 
[3-1] photo-catalyst. The protio-derived zinc phthalocyanine, H16PcZn, counterpart of 
perfluorinated F16PcZn [5-1], is not compared here because it photo-bleaches under illumination, 
as shown in Figure 5.12 and reported previously.
37
 
 
Figure 5.10 Proposed mechanism of photodegradation of PcZn, via 
1
O2 attack.
37
 
 
 According to literature reports, photo-bleaching of H16PcZn starts with 
1
O2 attack via 
[4+2] cycloaddition on the ipso carbon atoms of pyrrole units of the Pc core (Figure 5.10), the 
same positions that are also susceptible to nucleophilic attacks, with formation of phthalimide, as 
identified in the reaction mixture after photolysis.
39,40 
However, the photo-bleaching of H16PcZn 
occurs in both aerobic and anaerobic conditions, suggesting the chemical instability of Pc excited 
state(s) even in the absence of oxygen, according to Figure 5.12. Detailed investigation of the 
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photo-bleaching of H16PcZn as well as prolonged photo-stability experiments using [3-2]-[3-6], 
were not performed beyond 5 h. The 5 h time limit is sufficient to establish the favorable photo 
stability of these complexes under intense light (~250,000 lux) illumination under aerobic 
(99.99% O2) condition, compared with the observed photo-decomposition of H16PcZn in aerobic 
and anaerobic condition during the same period. 
  
  
(a) (b) 
(c) (d) 
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Figure 5.11 UV-Vis monitored catalysts [3-2]-[3-6] stability during the photo-oxidation of (S)-
(–)-Citronellol in ethanol, (a)-(e) respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12 (a) UV-Vis monitored photo-bleaching of H16PcZn upon illumination under aerobic 
and (b) anaerobic condition.
37
 
 
5.4.1.3 Characterization of photooxidized reaction products of (S)-(–)-Citronellol 
 The identification of hydroperoxide formation was performed through 
1
H NMR from the 
photo-oxidation of (S)-(–)-Citronellol (Figure 5.13). All photo-catalyzed reactions of [3-1]-[3-3] 
have shown the presence of only the two expected hydroperoxides, along with unreacted 
(e) 
(a) (b) 
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substrate in the cases of F16PcZn [5-1]. The chemical shifts of the hydroperoxides mixture 
closely matched the literature reported values.
14c,15b,22a 
A few small broad peaks also appeared in 
9-11 δ ppm region (not shown in Figure 5.13) which could possibly be aldehyde/oxidized side 
products formed due to the minor decomposition of two hydroperoxides during the evaporation 
of ethanol under vacuum at 50 
o
C. It seems that the mixture of hydroperoxides derived from (S)-
(–)-Citronellol is sufficiently stable to observe via 1H NMR. The  mono functional amino derived 
ZnPcs [3-4]-[3-6], catalyzed reaction mixture products shows a significant amount of unreacted 
(S)-(–)-Citronellol as indicated by the lower amount of oxygen consumption (Figure 5.9). 
Therefore, the acquired 
1
H NMR spectrums are not presented here. The mixtures of 
hydroperoxides were not separated in the photooxidation attempts shown here, because the focus 
of this work is to establish the inherent activity of newly designed stable photocatalysts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
176 
 
Figure 5.13 
1
H NMR (500 MHz, CDCl3), stacked spectrum of ZnPcs, catalyzed reaction 
mixtures acquired after photooxidation of (S)-(–)-Citronellol. 
 
The following 
1
H NMR (360 MHz, CDCl3) chemical shift values are reported in literature for 
two hydroperoxides formed during photooxidation of (S)-(–)-Citronellol.36(b) 
[5-4]: 0.89 (3H, d, J=6.5 Hz), 1.30 (6H, s), 1.35 (1H, m), 1.59 (1H, m), 1.67 (1H, m), 1.91 (1H, 
m), 2.01 (1H, m), 2.60 (1H, br. s), 2.87 (1H, br. s), 3.60 (1H, ddd, J=12.0, 7.0, 2.0 Hz), 3.67 (1H, 
ddd, J=12.0, 7.0, 3.0 Hz), 5.56 (1H, ddd, J=15.0, 5.5, 1.0 Hz), 5.61 (1H, d, J=15.0 Hz) ppm 
[5-5]: 0.91 (3H, d, J=6.0 Hz), 1.24-1.63 (7H, m), 1.72 (3H, s), 3.64 (1H, ddd, J=11.0, 7.5, 2.5 
Hz), 3.71 (1H, ddd, J=11.0, 7.0, 2.5 Hz), 4.03 (1H, t, J= 6.5 Hz), 4.82 (1H, d, J=1.0 Hz), 4.92 
(1H, d, J=1.0 Hz) ppm 
The 
1
H NMR (500 MHz, CDCl3) values of two hydroperoxides mixture obtained via [3-2] 
catalyzed reaction mixtures is listed below and they found to be fall within region observed for 
separately characterized [5-4], [5-5] 
1
H NMR chemical shift values reported in literature. 
[5-4]+[5-5]: 0.86 (6H, t), 1.28 (6H, s), 1.30-1.65 (10H, m), 1.68 (3H, s), 1.88-1.94 (1H, m), 1.98-
2.03 (1H, m), 2.88 (2H, br. s), 3.57-3.67 (4H, m), 4.20-4.24 (1H, q), 4.93 (2H, m), 5.50-5.64 
(2H, m) ppm 
5.4.1.4 Photophysical Properties of F40PcZn [3-3] 
 The relative fluorescence quantum yield of complex F40PcZn was determined using 
comparative method in n-propanol at various concentrations and H16PcZn as the standard (ΦF = 
0.45)
41
 with the higest absorbance being no greater than 0.25 a.u. The excitation wavelength 
selected was 650 nm and the emission spectra were recorded from 660 to 760 nm at various 
concentrations of F40PcZn and H16PcZn in n-propanol (Figure 5.14 (a), (c)). The absorption 
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spectra were also recorded from 650 to 800 nm for prepared various concentrations for both 
F40PcZn and H16PcZn. The graph of absoption at 650 nm versus area of fluorescence intensity 
were plotted and slopes were obtained as shown in Figure 5.14 (b), (d). The fluorescence 
quantum yield, ΦF, is determined for F40PcZn in n-propanol by taking the ratio of slope and 
quantum yield of standard H16PcZn and F40PcZn samples. Since slopes of both H16PcZn, 
F40PcZn and ΦF of standard H16PcZn in n-propanol are known, the ΦF for F40PcZn can be 
obtained. The fluorescence quantum yield, ΦF = 0.07 is determined by averaging three trials (ΦF 
= 0.066, 0.071, 0.067) using F40PcZn [3-3] in n-propanol. 
      
       
(a) (b) 
(c) (d) 
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Figure 5.14 (a) Fluorescence emission spectra of F40PcZn and (b) H16PcZn standard at different 
concentration in n-propanol. (c) Calculation of slope from linear plots of absorbance at 650 nm 
versus area of fluorescence intensity for F40PcZn and (d) H16PcZn. 
 
The relatively low fluorescence quantum yield (7.0 %) of photosensitizer [3-3] may possibly 
suggest that this compound has a higher singlet oxygen quantum yield, observed by increased 
oxygen consumption rate in the photo-oxidation of β-citronellol, however this was not measured 
quantitatively. The singlet oxygen quantum yield of [3-1] is 0.8 reported previously to be 
measured by a photophysical method,
42
 this observation leads to the assumption of high singlet 
oxygen quantum yield for complex [3-2] and [3-3], due to their partly structural similarity to [3-
1]. Aggregation lowers the singlet oxygen quantum yield. Therefore [3-3] might show low 
singlet oxygen quantum yield compared to [3-2], due to aggregation. 
5.4.2 Heterogeneous Photocatalysis in Aqueous Solutions 
 The symmetric perfluorinated F64PcZn was selected to demonstrate the ability of the 
FxPcZn family to function as heterogeneous photocatalysts. Two heterogeneous catalysts namely 
F64PcZn@SiO2, F64PcZnЄSi-Imidazole were prepared using F64PcZn according to procedure 
described in the experimental sections 5.3.4 and 5.3.5. The synthetic scheme of both 
heterogeneous photo-catalyst F64PcZn@SiO2 [5-6] and F64PcZnЄSi-Imidazole [5-7] are shown 
in Figure 5.15 and Figure 5.16 respectively. The solid state characterizations of both the catalysts 
are in progress. 
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Figure 5.15 Synthetic scheme for the preparation of heterogeneous catalyst F64PcZn@SiO2 [5-6] 
(hypothetical structure). (Note: The @ symbol denotes that the Pc is supported on SiO2). 
 
 
Figure 5.16 Synthetic scheme for preparation of heterogeneous catalyst F64PcZnЄSi-Imidazole 
[5-7] (hypothetical structure). (Note: The Є symbol denotes interaction of metal center with lone 
pair of imidazole functionalized solid support). 
 
The F64PcZn (0.005 mmol) catalyst is physically absorbed onto silica gel solid support 
(1.0 gm), and photo-catalysis experiments were performed in aqueous media because catalyst 
leaching occurs in organic solvents. The hydrophobic, perfluorinated F64PcZn is insoluble in 
water; therefore its deposition on a solid support and the development of a aqueous 
heterogeneous photo-catalyst would be ideal environmental remediation applications such as the 
removal of organic pollutants from water. (S)-(–)-Citronellol is insoluble in water, therefore a 
water soluble 
1
O2 trap, 9,10-divinylsulfonate, AVS [5-10] was prepared according to literature 
F64PcZnЄSi-Imidazole, [5-7] 
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protocol,
23 
as described in the experimental section 5.3.6. The synthetic scheme of AVS 
preparation is shown in Figure 5.17. 
 
Figure 5.17 Synthetic scheme for preparation of aqueous 
1
O2 trap AVS from [5-8] and [5-9].
23 
5.4.2.1 Heterogeneous 
1
O2 production using F64PcZn@SiO2 [5-6], and its detection using 
the aqueous trap AVS 
 Singlet oxygen production in water was performed by using [3-1] immobilized on solid 
silica gel support, giving [5-6]. The catalyst was prepared according to the procedure described 
in experimental section 5.3.4. Its synthetic scheme is shown in Figure 5.15. The photo-oxidation 
of water soluble anthracene-9, 10-divinylsulfonate (AVS) led to the formation of the 
endoperoxide, AVSO2 [5-11] (Figure 5.18). 
1
H NMR, UV-Vis spectroscopy and HPLC were 
used to detect the formation of [5-11]. 
 
Figure 5.18 Photo-oxidation reaction of AVS using F64PcZn@SiO2. 
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The present section describes control experiments and associated procedures to reveal the 
catalytic 
1
O2 production capability of the silica gel immobilized F64PcZn. 
5.4.2.1.1 AVSO2 production via known catalytic chemistry of Rose Bengal (Control 
experiment) 
 
The model water soluble photo-sensitizer Rose Bengal (Figure 5.1) was used to produce 
singlet oxygen in aqueous media. HPLC was used to quantify the AVS photo-oxidation product, 
AVSO2. A Light filter consisting a 0.01 M aqueous solution of sodium dichromate (UV-Vis 
spectrum, Figure 5.19 (a) in a rectangular glass vessel was used to cutoff the light produced by a 
halogen bulb of a slide projector below ~ 450 nm. Thus, only visible light, above 450 nm was 
used, at energies lower than the threshold of absorption of AVS, Figure 5.19 (b).  
 
 
Figure 5.19 (a) UV-Vis spectrum of a 0.01 M solution of sodium dichromate (b) UV-Vis 
spectrum of AVS in water. Optimum detection wavelength is ~ 250 nm. The absorption at ~ 400 
nm is due to the anthracene moiety (3-ring conjugation) of AVS. 
 
All experiments described in these sections were carried out in jacketed glass vessels kept at 25 
o
C constant temperature. AVS (4.34 mg, 0.001 M) and Rose Bengal (0.194 mg) were dissolved 
in 10.0 mL of D2O. The reaction mixture was maintained at 25 
o
C while it was illuminated with 
(a) (b) 
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filtered light produced by a 300 W halogen projector lamp for 1.5 h under an oxygen atmosphere 
using an O2 filled balloon.  
 
 
Figure 5.20 HPLC traces of AVS in D2O (a) and AVSO2 showing the complete disappearance of 
AVS after 1.5 h exposure to light via the formation of 
1
O2 addduct, AVSO2 (b). 
 
NMR spectra were recorded at the end of the reaction time and the reaction mixture was 
subjected to HPLC analysis. At the end of the reaction, Rose Bengal was completely bleached by 
the singlet oxygen it produced. As shown in Figure 5.20, AVS has a 16.4 min retention time 
while AVSO2, detected at 220 nm, is observed at 7.3 min. No residual AVS is observed at the 
AVSO2 
AVS (a) (a) 
(b) 
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end of the reaction. The AVS is completely transformed into AVSO2 and its retention time of 
7.27 min was established via HPLC under the condition described in experimental section 5.3.7. 
5.4.2.1.2 Demonstration of 
1
O2 production by heterogeneous F64PcZn@SiO2 and its 
detection by HPLC, 
1
H NMR and UV-Vis Spectroscopy 
 
AVS (4.34 mg) was dissolved in 10.0 mL of D2O and the heterogenized photo-sensitizer 
F64PcZn@SiO2 (50.0 mg nano powder, catalyst loading ~ 1:100) was added. The reaction 
mixture was kept at 25 
o
C under an O2 atmosphere generated by a balloon filled with O2 and 
illuminated for 1.5 h. The NMR spectra recorded at the beginning and end of the reaction are 
shown in Figure 5.21 (a), (b). 
 
 
 
(a) 
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Figure 5.21
 
(a) 
1
H NMR (500 MHz, D2O) spectra of AVS and (b) AVSO2. 
 
The NMR data of AVS and AVSO2 is shown in Table 5.3 and compared with chemical shift 
values reported in literature.
23
 
1
H NMR value reported using labeling scheme as shown in Figure 
5.22 for symmetry equivalent protons. Chemical shifts in D2O of salts are sensitive to 
concentration, ionic strength, etc. and thus a direct comparison with the literature is not always 
possible. 
 
Figure 5.22 Labeling scheme used for AVS and AVSO2 for 
1
H NMR assignments. 
 
Table 5.3 
1
H NMR (D2O) assignments for AVS and AVSO2 obtained using F64PcZn@SiO2 
Chemical Shift, ppm AVS (SHU) AVS 
*
 AVSO2 (SHU) AVSO2
*
 
a; 4H 7.75-7.84 7.74 7.55-7.60 7.29 
(b) 
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b; 4H 7.46-7.58 7.46 7.46-7.51 7.24 
c; 2H 7.34 (d, J=15.8 Hz) 7.29 7.75-7.77 7.43 
d; 2H 6.37 (d, J=15.86 Hz) 6.31 6.95 6.73 
*Ref. 23 
 
Heterogeneous photo-oxidation reaction of AVS using [5-6] as a photo-catalyst (scheme in 
Figure 5.18) was also monitored by HPLC and the signals corresponding to AVS and AVSO2 
have been shown to decrease and increase, respectively (Figure 5.23). 
 
Figure 5.23 Time-dependent, integrated HPLC signals of AVS and AVSO2. 
 
UV-Vis spectroscopic data was collected at certain intervals during 1 hour of illumination, 
Figure 5.24 (a). The 398 nm absorbance, which diminishes due to the lack of 3-ring conjugation 
upon the formation of the endo-peroxide AVSO2 has been plotted against time in Figure 5.24 (b). 
The clean logarithmic curve fit, R = 0.998, along with the presence of isosbestic points validate 
the AVS-AVSO2 type endo-peroxidation conversion of Figure 5.18. The reaction exhibits 1
st
 
order kinetics, k1 = 0.085 s
-1
. 
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Figure 5.24 (a) UV-Vis spectroscopy of AVS during photo oxidation in D2O at 25 
o
C and (b) 
progress of AVSO2 formation on time scale. 
 
The data demonstrates that AVS was converted successfully into endoperoxide AVSO2 with 
heterogeneous photo sensitizer F64PcZn@SiO2 nano particles in presence of oxygen and visible 
light. The formation of AVSO2 did not occur during the control AVS photo-oxidation experiment 
performed with SiO2 nano particles alone. 
5.4.2.1.3 Self-production of 
1
O2 by AVS 
The control experiment in absence of photosensitizer (PS*) [5-6] was performed to 
quantify AVSO2 formation. In this experiment AVS (4.34 mg, 0.001 M) was dissolved in 10.0 
mL of D2O and the reaction mixture was illuminated with the 300 W halogen projector lamp for 
2 h under oxygen, at 25 
o
C. At the end of the reaction the concentrations of AVS and AVSO2 
were estimated using the HPLC method described above. The results show 4.5% and 12% 
conversions after 1 h and 2 h, respectively. In contrast, as shown in Figures 5.23 and 5.24, 
conversion reaches over 95% in the presence of F64PcZn@SiO2 heterogeneous catalyst. 
a) 
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 A heterogeneous, chemically robust system for the efficient generation of 
1
O2 in aqueous 
solutions has been produced, along with methods to trap and quantify it. The method might be 
useful to trap singlet oxygen produced by other heterogeneous systems, including doped 
polymers. 
5.4.2.2 Heterogeneous F64PcZnЄSi-Imidazole [5-7] and 
1
O2 detection via aqueous trap AVS 
Another heterogeneous photo sensitizer i.e. F64PcZn derivatives with imidazole 
functionalized silica gel (Silica Imidazole) F64PcZnЄSi-Imidazole was prepared to produce 
1
O2, 
detected using the water soluble trap AVS (Figure 5.25). 
1
H NMR, UV-Vis spectroscopy was 
used to detect the formation of AVSO2.  
 
Figure 5.25 Photo-oxidation reaction of AVS using photosensitizer abbr. F64PcZnЄSi-
Imidazole. 
 
5.4.2.2.1 AVS in D2O illuminated with light (Control experiment) 
 The AVS (10.85 mg, 0.025 mmol) was dissolved in 25.0 mL of D2O; the solution was 
illuminated with 300 W halogen projector lamp for a 3 h under an oxygen balloon at 25 
o
C in 
absence of photosensitizer. The light was filtered with 0.01 M potassium chromate solution to 
allow only visible light. The progress of the reaction was monitored with UV-Vis spectroscopy 
as shown in Figure 5.26 using a 1 mm path length cell. AVS is photo stable with filtered halogen 
light in presence of oxygen, according to the UV-Vis spectrum (Figure 5.26) recorded during 3 h 
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illumination. 
1
H NMR chemical shifts was recorded in D2O as shown in Figure 5.27, matched 
with AVS and were unchanged after aerobic illumination of visible light.  
 
Figure 5.26 The time dependent UV-Vis. spectrum of AVS in D2O illuminated with light. 
 
 
Figure 5.27 
1
H NMR spectrum of AVS in D2O acquired after visible light illumination for 3 h. 
 
5.4.2.2.2 AVS in D2O in presence of silica imidazole illuminated with light (Control 
experiment) 
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 The AVS (10.85 mg, 0.001 M) was dissolved in 25.0 mL of D2O; 100.0 mg of silica 
imidazole was added and the reaction mixture was illuminated at 25 
o
C with the 300 W halogen 
projector lamp for a 3 h under an oxygen balloon. The light was filtered with 0.01 M potassium 
chromate solution to allow only visible light. The progress of reaction mixture was monitored 
with UV-Vis. spectroscopy and at the end with 
1
H NMR experiment. AVS is relatively photo 
stable with filtered halogen light in presence of silica imidazole under oxygen during 3h 
illumination (Figure 5.28 (a)). The little diminishing of absorbance maxima was observed and 
plotted on time scale (Figure 5.28 (b). The small unknown peaks are also observed in aromatic 
region of 
1
H NMR spectrum (Figure 5.29), suggesting minor decomposition of AVS, in 
agreement of UV-Vis spectroscopic data.  
 
Figure 5.28 (a) The time dependent UV-Vis. spectrum of AVS in D2O in presence of silica 
imidazole, illuminated with light and (b) absorbance diminishing on time scale  
 
(a) (b) 
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Figure 5.29 
1
H NMR spectrum of AVS in D2O acquired after visible light illumination for 3 h in 
presence of silica imidazole. 
 
5.4.2.2.3 Demonstration of 
1
O2 production by F64PcZnЄSi-Imidazole and its detection by 
UV-Vis and 
1
H NMR 
 
 AVS (10.85 mg, 0.0025 mmol) was dissolved in 25.0 mL of D2O; and 100.0 mg of 
F64PcZnЄSi-Imidazole were added. The reaction mixture was illuminated at 25 
o
C with the 300 
W halogen projector lamp for 3 h under an oxygen balloon. The light was filtered with 0.01 M 
potassium chromate solution to allow only visible light. The progress of reaction mixture was 
monitored with UV-Vis. spectroscopy (Figure 5.30 (a)) at several time intervals for up to 1 h and 
at the end with NMR experiment (Figure 5.31). 
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Figure 5.30 (a) The time dependent UV-Vis. spectrum of AVS in D2O in presence of 
F64PcZnЄSi-Imidazole, illuminated with light and (b) progress of AVSO2 formation on time 
scale. 
 
 
Figure 5.31 
1
H NMR spectrum of F64PcZnЄSi-Imidazole illuminated reaction mixture of AVS 
in D2O converted into AVSO2. 
 
AVS is converted into AVSO2 with illumination performed by visible light in presence of 
F64PcZnЄSi-Imidazole under oxygen based on UV-Vis monitored reaction mixture. The rate of 
formation of AVSO2 formation is established via time scale (Figure 5.30 (b)) and the identity of 
AVSO2 formation is confirmed via NMR, spectrum shown in Figure 5.31. 
(a) (b) 
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5.5 Conclusions 
 
1
O2 is produced efficiently by perfluorinated ZnPcs [3-1]-[3-3] as shown by a model 
reaction viz. homogeneous photo-oxidation of (S)-(–)-Citronellol. Asymmetric perfluorinated 
F52aPcZn [3-2], is photo-stable and robust, producing 
1
O2, similarly to symmetric perfluorinated 
F64PcZn. The half bulky/planar partially aggregated F40PcZn [3-3], was found to be more active 
than planar aggregated F16PcZn [5-1], showing the influence of strong electron withdrawing, 
bulky i-C3F7 substituents in the 
1
O2 production capability of ZnPcs [3-1]-[3-3]. Small mono-
electron donating substituents in ZnPcs [3-4]-[3-6] on the other hand quench the excited states 
upon illumination; results in loss of 
1
O2 production efficiency observed due to photo-induced 
electron transfer process (PET). Mono function group substituted ZnPcs [3-4]-[3-6], may be 
ideal for pH sensitive, 
1
O2 generation in biological (eg. PDT of cancer) or imaging applications. 
 The enhanced solubility of ZnPcs [3-1]-[3-6], in organic solvents and insolubility in 
aqueous medium are ideal for aqueous heterogeneous catalytic applications. Two heterogeneous 
photo-catalysts F64PcZn@SiO2 [5-6] and F64PcZnЄSi-Imidazole [5-7] produced and were found 
to be active in 
1
O2, production, tested via model aqueous photo-oxidation reaction of water 
soluble AVS trap. AVSO2, the photo-oxidized endo-peroxide product of AVS, was detected via 
UV-Vis, 
1
H NMR and HPLC method in photo-oxidation reactions performed in D2O, suggests 
1
O2 production is observed due to the presence F64PcZn deposited on solid supports. 
Homogeneous and heterogeneous photo-oxidations are demonstrated and perfluorinated 
photosensitizers found to be photo-stable and ideal for photo-catalytic environmental 
remediation and biological applications. 
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CHAPTER 6 
 
ELECTRON TRANSFER: REDOX CATALYSIS FOR OXIDATION OF 
THIOLS 
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6.1 Introduction 
MEROX (Mercaptan Oxidation) is a key process in the petroleum industry. 
MEROX/Sweetening process has been practiced industrially for a long time in order to reduce 
the thiol content found in naphtha, heavy cracked gasoline, kerosene, jet fuel, LPG (propane, 
butane ...), etc.
1 
It is a two step process requiring the use of mercaptan oxidation catalysts. 
During this process, naphta or light cracked gasoline is in contact with a caustic solution and 
oxygen. The mercaptans (RSH) are then oxidized into oil soluble mercaptides with an oxidation 
catalyst.
2
 Cobalt catalysts, such as, (SO3H)4PcCo, (SO3Na)4PcCo, and (COOH)2,4,8PcCo are used 
for both industrial MEROX applications and to investigate mechanistically the homogeneous 
process.
3-8
 In addition, heterogenized systems are also important, for example, (SO3Na)1,2PcCo 
catalysts are dispersed on charcoal for use in fixed bed reactors to allow oxidation of high 
molecular weight mercaptans.
9 
In related examples, SiO2 for PcCo, (NO2)4PcCo, 
(COOH)4PcCo,
10
 and (NH2)4PcCo;
11
 MgAl hydrotalcite for (SO3
−
)4PcCo
12
 and polymer (ionene) 
composites have also been used.
13
 Several catalysts are in use but amongst them phthalocyanines 
(Pcs), particularly partly (mono) sulfonated (Pcs) are well known for MEROX, and found to be 
widely used as fixed bed system in industry due to its relatively low solubility in hydrocarbon 
and in aqueous NaOH (low leaching).
14
 
 Despite their utility, the vast majority of hydrogen containing PcM’s have a great 
limitation in catalysis due to their susceptible C-H bonds.
15
 In the case of porphyrins or Pc based 
catalysts, it was found that halogenation of the macrocycle periphery is effective in enhancing 
the complex stability as well as the reactivity.
16,17 
The electron-withdrawing substituents favors 
destabilization of the formation of unreactive μ–oxo dimers, which occur in porphyrins or Pc 
based metallo catalysts aerobically. The fluorinated Pc that lack C-H bond i.e. F16PcM (M = Co, 
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Figure 6.1) was reported for MEROX in THF solution and F16PcM (M = Ru) was reported for 
alkanes oxidation with solid supports, for example, zeolite.
18
 This known class of materials are 
thermally resistant, but the aromatic F substituents are susceptible to nucleophilic attack and the 
planar 2D-geometry favors aggregation via - stacking interactions. 
To eliminate all such barriers in catalysis, our group introduced a new design i.e. 3D 
geometry by replacing some of the F atoms with iso-perfluoro groups (i-C3F7) to create F64PcCo 
(Figure 6.1).
19
 In this model, the metal center acts as a catalyst, while the cavity surrounding it 
imitates a chemically inert “Teflon-coated” reactor wall to survive harsh environments. These 
robust perfluoroalkylated perfluoro phthalocyanines that lack C-H bonds, but possess C-F bonds 
are refractory to self-oxidations because their electrophilic, nucleophilic, and free-radical 
decomposition pathways have been eliminated via rational molecular design. Thus, they exhibit 
long-term chemical and thermal stability, as well as enhanced solubility in organic solvents. This 
class of MPcs has been shown to function as artificial enzymes, anti-cancer drugs,
20
 
photosensitizers for degradation of azo dyes,
21
 photocatalysts,
22 
and robust catalysts for 
mercaptan oxidation.
23
 Thus fluorinated Pc’s attract growing interest in a variety of applications. 
The present research primarily focuses on MEROX study using the catalysts [4-1]-[4-4] 
presented in Chapter 4 (Figure 6.1). Questions about the reactivity and stability of these types of 
scaffolds are addressed by exploring MEROX reactions using a combination of aromatic and 
aliphatic thiols. It was found that fluorophthalocyanines exhibiting a ratio, ρ, of aliphatic (i-
C3F7)/aromatic fluoro groups, ρ ≠ 1.0 i.e. [4-2]-[4-4] are stable and possess chemical inertness as 
well as potential to form disulfide bridges in aliphatic, aromatic as well as highly acidic 
pentafluorobenzene thiol substrates. The commercially available H16PcCo [6-2] has proven to be 
ineffective for pentafluorobenzene thiol oxidation. Heterogeneous reaction systems using 
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immobilized catalyst on functionalized silica gel [6-3] is also used for MEROX reactions and 
found to be active. The finding suggests that the class of complexes of intermediate steric 
hindrance, 0 < ρ < 1, are worth investigating and the combination of such catalysts and supports 
could also lead to synergistic interactions that influence favorably catalytic properties to develop 
desired applications. 
 
Figure 6.1 Structure of cobalt Pc catalysts used for Mercaptan oxidation (MEROX). Scaffold 
types: (a)-(c) mixed perfluoro alkyl perfluorinated (d) functionalized (e) perfluorinated (f) 
hydrogenated (g) supported functionalized, cobalt phthalocyanines. 
 
NH2F51PcCoЄSi-Imidazole [6-3] 
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6.2 MEROX reaction 
MEROX processes are widely utilized in petroleum industries to convert corrosive and 
foul smelling thiols into disulfide products using cobalt Pc as a catalyst.
2
 The reaction obeys an 
overall stoichiometry of 4:1, RSH/O2, according to eqn. 6.1 
4 RSH + O2 → 2 RSSR + 2 H2O    (6.1) 
The oxidation of thiols to disulfides is significantly accelerated under basic conditions,
24
 
upon formation of the thiolate anion RS
−
 (eq. 6.2) obtained via addition of an alkaline hydroxide. 
Thiols undergoes slow dissociation equilibria under neutral conditions and form thiolate anions 
(RS
−
), the species in fact susceptible to react with molecular O2.
25
 In presence of oxygen and the 
PcCo catalyst, thiolate oxidizes to form disulfide by two electron reduction of oxygen forming 
hydrogen peroxide and regenerating the hydroxide as shown in eq. 6.3. The hydrogen peroxide 
converts two additional thiols into disulfide and water as shown in eq. 6.4.
26
 The following steps 
described by eq. 6.2 and 6.4 are not dependent on the catalyst direct oxidation. 
2 RSH + 2 HO
−
 → 2 RS− + 2 H2O    (6.2) 
2 RS
−
 + 2 H2O + O2  RSSR + H2O2 + 2 HO
− 
(6.3) 
H2O2 + 2 RSH → RSSR + 2 H2O    (6.4) 
The overall stoichiometry of 4:1, RSH/O2, determined via gas titration, and established 
by the summation of the above steps represented by eq. 6.2-6.4 is also valid for high excess thiol 
compared to initial hydroxide ion concentration. The overall stoichiometry is given by eq. 6.5 if 
an excess molar ratio of hydroxide ion is used compared to thiols.
11
 
4 RS
−
 + O2 + 2 H2O → 2 RSSR + 4 HO
− 
  (6.5) 
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Several PcCo catalysts have been reported for mechanistic study of MEROX process and 
emphasis was placed on the key step of oxygen reduction to hydrogen peroxide with formation 
of thyil radicals (RS
●
).
2-13,24-29
  
The exact order of the mechanistic steps remains controversial but several important points are 
considered altogether for PcCo catalyzed reaction of MEROX; 
1. Involvement of the central Co(II) atom in redox processes with alternation of its 
oxidation states from Co(II) to Co(III). 
2. Formation of the initial binary RS–PcCo complex. 
3. RS–PcCo complex further coordinates O2 followed by formation of an unstable, 
ternary intermediate i.e. RS–PcCo–O2. 
4. Two electron reduction of oxygen with the formation of H2O2 upon protonation. 
5. Release of RS
● 
or RSSR in the metal coordination sphere.  
6. Disulfide being the sole product of oxidation. 
 
In the case of PcCo-catalyzed MEROX, Co(II)/Co(III)
27
 and Co(II)/Co(I)
4-8,10,11,30
 redox 
pathways, involving both oxidation-reduction and reduction-oxidation steps respectively, have 
been proposed. In the case of extremely electron deficient perfluorinated F64PcCo complex 
(having eight electron-withdrawing i-C3F7 groups), the involvement of Co(II)/Co(I) redox 
pathway has  been proposed due to inability of F64PcCo to lose an electron and stabilize a Co(III) 
charge. The failure to electrochemically oxidize F64PcCo in DMF supports this proposal. The 
influence of PcCo catalyst aggregation on the mechanism and reaction rate is not clear; some 
studies suggest that dimers are more active while the proposed mechanism claims that 
intermediate formation takes place via monomeric PcCo.
3,13,27
 In addition lack of detailed 
scientific evidence exists regarding some mechanistic steps such as (i) the second dioxygen 
reduction step from superoxide, O2
●−
, to peroxide, O2
2−
, occurrence by an electron transfer from 
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RS
−
 in solution or through Co metal center (ii) disulfide formation through a disulfide radical 
expelled from the Co metal center or coupling of two RS
●
 radicals in solution. 
6.2.1 Mercaptan Oxidation (MEROX) Catalytic Cycle 
 
Figure 6.2 Catalytic cycle of the homogeneous aerobic mercaptan auto-oxidation catalyzed by 
cobalt(II) Pcs. Coordinative interactions shown by dashed bonds. Reactant and product 
molecules are highlighted by shadowed boxes.
32
 
 
A comprehensive catalytic cycle shown in Figure 6.2 for the auto-oxidation of mercaptan 
involving the Co(II)/Co(I) pathway summarized by Andrei Loas for our collaborative work on 
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MEROX and is reproduced here for better understanding of the mechanistic pathway. Numbers 
represents the elementary steps in Figure 6.2. Simple arrows are used to depict the presumed 
faster stages of ternary complex decomposition and radical coupling in solution, while slow steps 
of thiolate co-ordination and electron transfer process involving Co metal center are indicated by 
equilibrium arrows. 
 The CoPc catalyzed mercaptant oxidation catalytic cycle shown in Figure 6.2, is based on 
several literature articles.
8,11,30
 Possible peroxide formation routes are presented. The shorter 
cycle, represented in blue, shows peroxide, O2
2−
, and second RS
●
 radical formation from 
superoxide, O2
●−
,
 
expelled from the Co metal center in solution. Red arrows represent a longer 
cycle of possible O2
2−
 formation via electron transfer from disulfide radical anion through Co 
metal center. The initial, common three steps proposed for both pathways are shown by black 
arrows. The variation in red cycle is also possible, in which the RS
●
 departs in solution, followed 
by coordination of a new RS
−
 with the superoxide, O2
●−
, still attached to the Co metal center. 
Both pathways meet the 4:1 stoichiometry requirement. The peroxide formed through each route 
oxidizes two further additional thiol units in solution independently. The short pathways 
represented by steps 1 to 4a in Figure 6.2 are considered here for mechanistic discussions. The 
detailed kinetic study will be investigated in future to determine rate constant and rate 
determining steps. 
6.2.2 Thiol Substrates of variable acidity 
MEROX reactions were performed with newly designed and commercially available 
PcCo complexes, as shown in Figure 6.1. Commercially available thiols, such as 2-
mercaptoethanol (abbr. 2ME), 4-fluorobenzene thiol (abbr. 4FBT) and pentafluorobenzene thiol 
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(abbr. PBT), were selected based on a range of pKa values, 9.2, 6.4 and 2.7, respectively,
31
 for 
MEROX reactions. 
 
6.3 Experimental Section 
6.3.1 General Experimental 
All solvents (ACS grade or better) and reagents were obtained from commercial sources 
and used as received, unless stated otherwise. 2-mercaptoethanol and 4-fluorobenzene thiol were 
purchased from Acros Organics, while pentafluorobenzene thiol was purchased from Alfa Aesar. 
THF obtained had > 99.5% purity and was stabilized with BHT. The imidazole functionalized 
silica gel (Si-Imidazole) was obtained from Silicycle. The perfluorinated [4-1]-[4-4] and 
heterogeneous [6-3], were prepared in house. The perfluorinated [4-1]-[4-4] were prepared by 
following the procedure described in experimental section of Chapter 4 and experimental 
procedures for [6-3], are described in present Chapter, section 6.3.5. Cobalt (II) hexadecafluoro-
phthalocyanine (F16PcCo) [6-1], and cobalt (II) phthalocyanine (H16PcCo) [6-2], were purchased 
from Aldrich. 
13
C and 
19
F NMR spectra were obtained at ambient temperature on Varian Inova 
500/400 MHz instruments respectively. 
13
C and 
19
F chemical shifts are reported in ppm and 
referenced according to the residual carbon peak of the (CD3)2CO δ = 29.84 ppm or an internal 
CFCl3 (δ = 0.00) solvent respectively. The NMR spectral data were processed with the 
ACD/NMR Processor software. Electronic absorption spectra were collected with a HP Diode 
array spectrophotometer 8425A. High-resolution mass spectra (HRMS) were acquired at the 
University of Michigan (Ann Arbor, MI) by electrospray ionization in the positive mode 
(ESI+)/negative mode (ESI-) or atmospheric pressure chemical ionization in the negative mode 
(APCI-). 
207 
 
6.3.2 General procedure for mercaptan oxidations 
Reaction mixtures for thiol catalytic oxidations consisted of 50 mL of 10±1 μM PcCo catalyst 
solutions in THF, 1 mL NaOH 0.25% wt. (aq), and 7.1 mmol of the thiol of choice (500 μL of 2-
mercaptoethanol, 755 μL of 4-fluorobenzene thiol, and 950 μL of pentafluorobenzene thiol, 
respectively). Volumes under 1 mL were measured with a micropipette. The thiol:NaOH:catalyst 
molar ratio was ~ 13000:120:1. All catalytic experiments were repeated at least twice for a given 
substrate/catalyst pair. The data sets with maximum oxygen consumption volumes were within 
15% of each other and the set showing the highest value was chosen; otherwise, runs were 
repeated until at least two experiments fell within the 15% limit. The experimental setup used for 
mercaptan oxidation is shown in experimental section of Chapter 1.
13
 
6.3.3 Procedure for mercaptan oxidations in air 
Reaction mixtures for thiols catalytic oxidations consisted of 25 mL 10±1 μM PcCo in 
THF, 0.5 mL NaOH 0.25% wt. (aq), and 3.55 mmol of the thiol of choice (250 μL of 2-
mercaptoethanol, 377.5 μL of 4-fluorobenzene thiol, and 475 μL of pentafluorobenzene thiol) 
Volumes under 1 mL were measured with a calibrated micro pipette. Substrate/catalyst ratio was 
~6,500:1. The thiol:NaOH:catalyst molar ratio was ~6,500:60:1.  
6.3.4 Procedure for heterogeneous mercaptan oxidations 
Reaction mixtures for thiols oxidations consisted of 50 mL 10±1 μM PcCo in THF and, 
in case of hybrid catalysts 100.0 mg of NH2F51PcCoЄSi-Imidazole in 50 mL of THF (1:100 w/w 
catalyst:silica imidazole ratio), 1 mL NaOH 0.25% (aq) and 7.1 mmol of the thiol of choice (500 
μL 2-mercaptoethanol, 755 μL 4-fluorobenzene thiol, and 950 μL pentafluorobenzene thiol). 
Volumes under 1 mL were measured with a calibrated micro pipette. The thiol:NaOH:catalyst 
molar ratio was ~ 13000:120:1. 
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6.3.5 Heterogeneous catalyst NH2F51PcCoЄSi-Imidazole preparation [6-3] 
 10.0 mg of NH2F51PcCo was dissolved in 25 mL THF and refluxed for 30 min. 1.0 g of 
imidazole functionalized silica (3 mmol of imidazole per gm of silica gel) was added and the 
reaction mixture was refluxed for another 30 min. The molar ratio of imidazole/catalyst was 
500:1. The functionalized silica gel turned green in color due to the loading of the catalyst and 
the solution became colorless. The green silica particles were collected by filtration, washed with 
THF/ethyl acetate and dried in oven at 150
o
C for 24 h before use. The characterization of 
heterogeneous catalyst [6-3] is in progress. 
 
6.4 Results and Discussion 
6.4.1 MEROX catalysis in THF using O2 
The cobalt Pc catalyzed aerobic oxidation reaction schemes of the three thiols and corresponding 
disulfide products are shown in Figure 6.3. The H2O2-based oxidations have been omitted. 
 
Figure 6.3 Aerobic oxidation schemes of: (a) 2-mercaptoethanol, (b) 4-fluorobenzene thiol and 
(c) perfluorobenzene thiol, catalyzed by cobalt(II) phthalocyanines. 
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 The recorded oxygen consumption during the PcCo catalyzed oxidation of 2ME is shown 
in Figure 6.4 (a). The PcCo catalyzed, 2ME oxidation reached the maximum oxygen 
consumption compared to non catalyzed reaction demonstrating the enhancement of reaction rate 
in presence of catalyst. Figure 6.4 (b) depicts the initial reaction rate of perfluorinated PcCo [4-
1]-[4-3], [6-1], and H16PcCo [6-2], catalyzed MEROX as a linear fit. Both planar F16PcCo [6-1], 
and H16PcCo [6-2] shows high initial reaction rate ~ 40 and ~ 22 µmol O2/min for 2ME 
oxidation compared to bulky non aggregated F64PcCo [4-1], and partially aggregated 
perfluorinated PcCo [4-2], [4-3] (Table 6.1). These may be due to strong binding of basic thiolate 
to the extremely electron deficient Co center of [4-1]-[4-3] compared to less electron deficient 
[6-1] and [6-2]. But both F16PcCo [6-1], and H16PcCo [6-2] were found to be less stable in 2ME 
oxidation according to published data.
23,32
 The turn over number (TON) and ratio of 
TON/TONmax were found to be greater for [4-1]-[4-3] as compared to [6-1] and [6-2] for 2ME 
oxidation. It’s also evident that aggregation of employed perfluorinated PcCo, [4-3], [6-1] does 
not limit the catalytic cycle. 
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Figure 6.4 (a) Oxygen consumption in the catalyzed autooxidation of 2-mercaptoethanol in 
THF. (b) Initial reaction rates, shown as linear fits on the first data points recorded within the 
first 50 min of each reaction. 
 
Table 6.1 Parameters of the catalyzed autooxidation of 2-mercaptoethanol 
Catalyst  Rate
a
  
[μmol O2 min
−1
]  
TOF
b
  
[mol RSH  
s
−1
 mol Pc
−1
]  
TON
c
  
[mol RSH  
 mol Pc
−1
]  
TONmax  
[mol RSH  
 mol Pc
−1
]  
 TON  
 TONmax  
H16PcCo  40.25  4.79  11793  12679  0.93  
F16PcCo  22.14  2.82  12232  13558  0.90  
F40PcCo  14.20  1.77  13279  13284  0.99  
F52aPcCo  17.16  2.31  13555  14359  0.94  
F64PcCo  14.86  1.91  13506  13666  0.99  
No catalyst  2.36  -  4041
*
  7100
*
  0.57  
aInitial reaction rate, μmol O2 min
−1, calculated from the linear fit portion shown in the Figure 6.4 (b). 
bTurnover frequency, mol substrate s−1 mol Pc−1, calculated under pseudo-first order conditions. 
cTotal oxidation number after 5 h, calculated stoichiometrically as: (final recorded O2 volume [mL] / molar volume 
of O2 at 25 °C [24.45 mL mmol
−1]) × (4000 [μmol substrate mmol O2
−1] / nPc [μmol Pc]).  
*For the non-catalyzed autooxidation, turnover numbers are calculated as: TON = (final recorded O2 volume [mL] / 
molar volume of O2 at 25 °C [24.45 mL mmol
−1]) × 4000 [μmol substrate mmol O2
−1]; TONmax = nRSH = 7100 [μmol 
substrate]. 
 
(a) (b) 
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The noncatalyzed oxidation of 4FBT, initial reaction rate (~ 11 µmol O2/min), is slow compared 
to the PcCo ([4-1]-[4-3], [6-1], [6-2]) catalyzed aerobic oxidation, but significantly faster that 
non-catalyzed 2ME oxidation, according to initial reaction rate (~ 2 µmol O2/min) described in 
Table 6.2 and Table 6.1 respectively. This shows the high tendency of 4FBT to oxidize in air as 
compared to 2ME. The amount of oxygen consumed during the perfluorinated PcCo [4-1]-[4-3], 
[6-1], and protio H16PcCo [6-2] catalyzed 4FBT oxidation are shown in Figure 6.5 (a) with initial 
reaction rate as a linear fit in Figure 6.5 (b). The F64PcCo, [4-1], catalyzed oxidation of 4FBT 
shows a higher initial reaction rate compared to all other PcCo catalysts. Overall, PcCo 
catalyzed, aromatic, 4FBT oxidations are faster compared to aliphatic, 2ME oxidation. In 
contrast acceleration factors are ~ 6 for 2ME and ~ 4 for 4FBT in comparison to F64PcCo 
catalyzed versus non-catalyzed reaction in both cases. 
 
Figure 6.5 (a) Oxygen consumption in the catalyzed auto-oxidation of 4-fluorobenzene thiol in 
THF. (b) Initial reaction rates, shown as linear fits on the first data points recorded within the 
first 17 min of each reaction. 
 
(a) (b) 
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Table 6.2 Parameters of the catalyzed auto-oxidation of 4-fluorobenzene thiol 
Catalyst  Rate
a
  
[μmol O2 
min
−1
]  
TOF
b
  
[mol RSH  
s
−1
 mol Pc
−1
]  
TON
c
  
[mol RSH  
 mol Pc
−1
]  
TONmax  
[mol RSH  
 mol Pc
−1
]  
 TON  
 TONmax  
H16PcCo  33.2  3.72  11095  11933  0.93  
F16PcCo  34.0  4.64  13564  14526  0.93  
F40PcCo  28.7  3.77  12438  14202  0.89  
F52aPcCo  21.0  2.71  12982  13728  0.95  
F64PcCo  45.8  5.72  11766  13293  0.89  
No catalyst  11.5  -  6460
*
  7100
*
  0.90  
aInitial reaction rate, μmol O2 min
−1, calculated from the linear fit portion shown in the Figure 6.5 (b). 
bTurnover frequency, mol substrate s−1 mol Pc−1, calculated under pseudo-first order conditions. 
cTotal oxidation number after 5 h, calculated stoichiometrically as: (final recorded O2 volume [mL] / molar volume 
of O2 at 25 °C [24.45 mL mmol
−1]) × (4000 [μmol substrate mmol O2
−1] / nPc [μmol Pc]).  
*For the non-catalyzed autooxidation, turnover numbers are calculated as: TON = (final recorded O2 volume [mL] / 
molar volume of O2 at 25 °C [24.45 mL mmol
−1]) × 4000 [μmol substrate mmol O2
−1]; TONmax = nRSH = 7100 [μmol 
substrate]. 
 
The volumes of oxygen consumption during the catalytic oxidation of highly acidic thiol, PBT 
are shown in Figure 6.6 (a) with initial reaction rate as a linear fit in Figure 6.6 (b). The non-
catalyzed and H16PcCo [6-2], catalyzed PBT oxidation did not consume any oxygen showing 
that self oxidation of PBT is extremely slow and H16PcCo [6-2], is an inactive catalyst for PBT 
oxidation and found to be a less stable catalyst.
32
 Perfluorinated PcCo [4-1]-[4-3], and [6-1] 
show lower oxygen consumption than theoretically calculated amount (43.5 mL) for 7.1 mmol of 
PBT oxidation. The 
19
F NMR data suggest that formation of an intermolecular nucleophilic 
substitution product of PBT along with disulfide [6-9], which limits the amount of 
pentafluorobenzene thiolate available to take part in the catalytic cycle of disulfide formation. 
The F64PcCo [4-1] was found to be most active among all perfluorinated catalysts employed for 
PBT oxidation, showing high initial reaction rate ~ 40 µmol O2/min and high ~ 7600, TON 
(Table 6.3). This may be due to the extreme electron deficiency of F64PcCo [4-1], metal center 
and symmetry of complex, which shows the capability of catalyzing the oxidation of the highly 
acidic pentafluorobenzene thiolate anion efficiently. The F52aPcCo [4-2] and F40PcCo [4-3] and 
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F16PcCo [6-1] show moderate activity compared to F64PcCo [4-1] according to parameter listed 
in Table 6.3 for PBT oxidation. 
 
Figure 6.6 (a) Oxygen consumption in the catalyzed autooxidation of pentafluorobenzene thiol 
in THF. (b) Initial reaction rates, shown as linear fits on the first data points recorded within the 
first 42 min of each reaction. 
 
Table 6.3 Parameters of the catalyzed autooxidation of pentafluorobenzene thiol 
Catalyst  Rate
a
  
[μmol O2 
min
−1
]  
TOF
b
  
[mol RSH  
s
−1
 mol Pc
−1
]  
TON
c
  
[mol RSH  
 mol Pc
−1
]  
TONmax  
[mol RSH  
 mol Pc
−1
]  
 TON  
 TONmax  
H16PcCo  0.0  0.00  0  12679  0.00  
F16PcCo  4.7  0.58  6296  13263  0.47  
F40PcCo  2.8  0.33  4742  12484  0.38  
F52aPcCo  8.0  1.02  4771  13578  0.35  
F64PcCo  40.5  5.35  7620  14060  0.54  
No catalyst  0.0  -  0
*
  7100
*
  0.0  
aInitial reaction rate, μmol O2 min
−1, calculated from the linear fit portion shown in the Figure 6.6 (b). 
bTurnover frequency, mol substrate s−1 mol Pc−1, calculated under pseudo-first order conditions. 
cTotal oxidation number after 5 h, calculated stoichiometrically as: (final recorded O2 volume [mL] / molar volume 
of O2 at 25 °C [24.45 mL mmol
−1]) × (4000 [μmol substrate mmol O2
−1] / nPc [μmol Pc]).  
(a) (b) 
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*For the non-catalyzed autooxidation, turnover numbers are calculated as: TON = (final recorded O2 volume [mL] / 
molar volume of O2 at 25 °C [24.45 mL mmol
−1]) × 4000 [μmol substrate mmol O2
−1]; TONmax = nRSH = 7100 [μmol 
substrate]. 
 
6.4.1.1 UV-Vis monitored Catalyst Stability 
 The catalyst stability was monitored by time dependent UV-Vis spectra taken before and 
after the PcCo catalyzed, thiols (2ME, 4FBT, PBT) oxidation. The perfluorinated F52aPcCo [4-2] 
and F40PcCo [4-3] stability during oxidation of 2ME, 4FBT, and PBT are shown in Figure 6.7 
(a)-(b), (c)-(d) and (e)-(f) respectively. The UV-Vis stability of [4-1], [6-1] and [6-2] catalysts 
during thiols (2ME, 4FBT, PBT) oxidation were reported previously.
32
 The black legend labeled 
as a “before reaction” in Figure 6.7 represents the 10±1 μM solution of [4-2]/ [4-3] in 50.0 mL 
THF. The addition of aq. NaOH solution reduces the catalysts. Therefore the initial Q band of [4-
2]/[4-3] in THF is split into multiple bands as shown by red (5 or 6 h) and blue legend (24 h) 
after the reaction in Figure 6.7 (a)-(f). The UV-Vis signature bands after 24 h of reaction 
represented by the blue legend show equal or high intensity compared to red legend, thus 
confirming stability of catalysts in the reaction mixtures. The planar CoPcs, such as 
perfluorinated [6-1] and protio [6-2], were found to be less stable for thiols (2ME, 4FBT, PBT) 
oxidation according to previous report.
23,32
 The presence of sterically hindered 
perfluoroalkylated (i-C3F7) groups contributed to oxidative stability of [4-2] and [4-3]. 
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Figure 6.7 UV-Vis monitored catalyst stability from 350-800 nm during the oxidation of 2ME, 
4FBT, PBT in THF. (top row, 2ME; middle row, 4FBT, bottom row PBT). 
 
(a) (b) 
(c) (d) 
(e) (f) 
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6.4.1.2 NMR Spectroscopy 
 
13
C and 
19
F NMR spectroscopy were used to characterize the oxidation products of thiols 
(2ME, 4FBT, PBT). The reaction products obtained via oxidation of 2ME were characterized by 
13
C NMR. The stacked 
13
C NMR spectra are shown in Figure 6.8 for various catalyzed and non 
catalyzed oxidation reactions of 2ME, showing 2-hydroxyethyldisulfide as the sole product. 
13
C 
NMR (126 MHz, Acetone-d6) chemical shifts of the starting 2ME and its oxidation disulfide 
products are listed in Figure 6.8 (a) and (b) respectively. Two well defined singlets in the 
comparative 
13
C NMR spectra of catalyzed reaction mixtures clearly show product formation. 
The untransformed 2-mercaptoethanol in the case of non-catalyzed reaction was also observed. 
The complete transformation of 2ME into 2-hydroxyethyldisulfide are observed, while the 
unreacted 2ME is observed in non catalyzed reaction. 
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Figure 6.8 
13
C NMR, (126 MHz, Acetone-D6) chemical shift values in ppm of 2ME (a) and 2-
hydroxyethyldisulfide (b), stacked spectra of reaction mixtures 15-80 ppm range in the catalyzed 
autooxidation of 2ME (c). 
 
The reaction product of 4-fluorobenzene thiol (4FBT) oxidation experiments was characterized 
by 
13
C NMR. The comparative spectra of the catalyzed and control reactions are shown in Figure 
6.9. The formation of bis(4-fluorophenyl)disulfide was observed as the reaction product in 4FBT 
oxidation reactions. The diagnostic C1 chemical shift of 
13
C NMR from 127 ppm in 4FBT, is 
shifted to 133 ppm in the disulfide, and indicative of product formation. The 
13
C NMR signal of 
the C4 carbon was split in two signals by 
13
C–19F spin coupling and five distinct resonance 
signals were observed in both 4FBT and reaction product due to symmetry. 
13
C NMR (126 MHz, 
Acetone-d6) chemical shift values (ppm) of 4FBT and its disulfide oxidation products are listed 
(c) 
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in Figure 6.9 (a) and (b) respectively. The absence of starting material at the end of the reactions 
were found to be consistent with the observed maximum stoichiometric consumption of oxygen 
recorded for all reactions, within the experimental error of manometric detection (Figure 6.5). 
 
 
Figure 6.9 
13
C NMR, (126 MHz, Acetone-D6) chemical shift values in ppm of 4FBT (a) and 
bis(4-fluorophenyl)disulfide stacked spectra of reaction mixtures 110-170 ppm range in the 
catalyzed autooxidation of 4FBT (c). 
 
(c) 
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PBT and its oxidation products are characterized via 
19
F NMR spectroscopy, as shown in the 
comparative spectra in Figure 6.11. The chemical shift of the PBT oxidation product 
bis(pentafluorophenyl)disulfide, obtained as side product through another route was described in 
literature.
33
 As mentioned before, analysis of the reaction products by NMR was complicated by 
the significant amount of side products. The principle side product was the thioether thiol 
(dimer) (C6F5SC6F4SH) formed due to perfluorobenzene thiolate (C6F5S
−
Na
+
) attack on the 
nucleophilic susceptible para position, of another PBT as shown in Figure 6.10.
34
 Both the 
starting material PBT and its oxidation product bis(pentafluorophenyl)disulfide exhibit only 3 
singlets due to symmetry, in a 2:1:2 ratios. The equally symmetric thioether thiol, on the other 
hand, shows 5 signals in the 2:2:2:1:2 ratios.  
 
Figure 6.10 Inter molecular nucleophilic substitution reaction favored at para position of PBT.
34
 
 
The formation of trimeric thioethers and combinations of various disulfides may be possible in 
small amounts as reflected by some unassigned 
19
F NMR signals (Figure 6.11). The exact 
amounts of nucleophilic substitution products were difficult to determine by NMR, due to 
solubility differences of the oxidation products in organic solvents. The purification and 
separation of the reaction products was not attempted, and in all cases NMR spectra were 
acquired after solvent evaporation and on vacuum-dried reaction mixtures. 
19
F chemical shifts 
values of PBT and major reaction products in ppm are listed in Figure 6.11 (a)-(c). 
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Figure 6.11 
19
F NMR, 470 MHz Acetone-D6 (-120 to -170 ppm range) stacked spectra of 
reaction mixtures in the catalyzed auto-oxidation of PBT. 
 
(d) 
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All catalyzed reaction mixtures, except those using H16PcCo, show the formation of 
bis(pentafluorophenyl)disulfide and the nucleophilic substitution products [6-10]. 
19
F NMR of 
non-catalyzed reaction mixtures shows the major amount of unreacted pentafluorobenzene thiol 
and the formation of nucleophilic substitution products. There was no sign of 
bis(pentafluorophenyl)disulfide formation from the 
19
F NMR spectra of non catalyzed reaction 
and H16PcCo catalyzed reaction mixtures, as evident from the lack of oxygen consumption 
during the oxidation trials (Figure 6.6). 
6.4.2 MEROX catalysis using Air 
The use of air as an oxidant is preferred to 99.99% oxygen in industrial catalytic 
applications. The catalyzed oxidation reaction of 2ME and 4FBT in THF using pure O2 were 
faster (Section 6.4.1). To distinguish the activity of each catalyst air was used as the oxidant 
during oxidation reaction of thiols instead of 99.99% oxygen. The three catalysts H16PcCo, 
F16PcCo and F64PcCo were selected for the catalyzed oxidation of 2ME and 4FBT. The 
catalyzed and non-catalyzed air oxidation trials of 2ME are shown in Figure 6.12 (a). The initial 
reaction rates of 2ME oxidation and catalytic parameters are shown in Figure 6.12 (b) and Table 
6.4 respectively. The data clearly suggest that the 2ME initial oxidation rates and TON/TONmax 
are much higher for H16PcCo compared to F64PcCo and F16PcCo (Table 6.4). Interestingly the 
non-catalyzed oxidation does not show any air consumption during the course of monitored time 
period, which suggest that oxidation of 2ME is very slow in the presence of air. The F64PcCo 
shows slightly better activity compared to planar F16PcCo, in 2ME oxidation suggesting that 
aggregation hinders the catalytic cycle. 
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Figure 6.12 (a) Air consumption in the catalyzed auto-oxidation of 2-mercaptoethanol in THF. 
(b) Initial reaction rates, shown as linear fits on the first data points recorded within the first 167 
min of each reaction. 
 
Table 6.4 Parameters of the catalyzed air oxidation of 2-mercaptoethanol 
Catalyst  Rate
a
  
[μmol O2 min
−1
]  
TOF
b
  
[mol RSH  
s
−1
 mol Pc
−1
]  
TON
c
  
[mol RSH  
 mol Pc
−1
]  
TONmax  
[mol RSH  
 mol Pc
−1
]  
 TON  
 TONmax  
H16PcCo  5.98  1.63  11509  14491  0.79  
F16PcCo  0.39  0.10  1559  13866  0.11  
F64PcCo  0.74  0.20  4319  14060  0.31  
No catalyst  0.0  -  0
*
  3550
*
  0.0 
aInitial reaction rate, μmol O2 min
−1, calculated from the linear fit portion shown in the Figure 6.12 (b). 
bTurnover frequency, mol substrate s−1 mol Pc−1, calculated under pseudo-first order conditions. 
cTotal oxidation number after 5 h, calculated stoichiometrically as: (final recorded O2 volume [mL] / molar volume 
of O2 at 25 °C [24.45 mL mmol
−1]) × (4000 [μmol substrate mmol O2
−1] / nPc [μmol Pc]).  
*For the non-catalyzed auto-oxidation, turnover numbers are calculated as: TON = (final recorded O2 volume [mL] / 
molar volume of O2 at 25 °C [24.45 mL mmol
−1]) × 4000 [μmol substrate mmol O2
−1]; TONmax = nRSH = 7100 [μmol 
substrate]. 
 
Similarly, the catalyzed and non-catalyzed oxidation trials of 4FBT in presence of air are 
shown in Figure 6.13 (a). The initial reaction rates of 4FBT oxidation are shown in Figure 6.13 
(b) and catalytic parameters are listed in Table 6.5. The non-catalyzed oxidation of 4FBT is slow 
(a) (b) 
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compared to catalyzed oxidation reaction. The data clearly suggest that the 4FBT initial 
oxidation rates are greater for H16PcCo (~ 8 μmol O2/min) compared to F64PcCo and F16PcCo 
(Table 6.5). The initial reaction rate of F16PcCo (~ 6 μmol O2/min) is higher compared to 
F64PcCo (~ 4 μmol O2/min), although overall air consumption for 4FBT oxidation is greater for 
F64PcCo. The ratio of TON/TONmax is almost identical for both F64PcCo (0.9) and H16PcCo 
(0.91), also found to greater than F16PcCo (0.81) catalyzed 4FBT oxidation in air.  
 
Figure 6.13 (a) Air consumption in the catalyzed auto-oxidation of 4-fluorobenzene thiol in 
THF. (b) Initial reaction rates, shown as linear fits on the first data points recorded within the 
first 75 min of each reaction. 
 
Table 6.5 Parameters of the catalyzed air oxidation of 4-fluorobenzene thiol 
Catalyst  Rate
a
  
[μmol O2 
min
−1
]  
TOF
b
  
[mol RSH  
s
−1
 mol Pc
−1
]  
TON
c
  
[mol RSH  
 mol Pc
−1
]  
TONmax  
[mol RSH  
 mol Pc
−1
]  
 TON  
 TONmax  
H16PcCo  7.50  2.04  13192  14491  0.91  
F16PcCo  5.94  1.55  11291  13866  0.81  
F64PcCo  3.69  0.98  12606  14060  0.90  
No catalyst  1.63  -  1696
*
  3550
*
  0.48  
(a) (b) 
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aInitial reaction rate, μmol O2 min
−1, calculated from the linear fit portion shown in the Figure 6.13 (b). 
bTurnover frequency, mol substrate s−1 mol Pc−1, calculated under pseudo-first order conditions. 
cTotal oxidation number after 5 h, calculated stoichiometrically as: (final recorded O2 volume [mL] / molar volume 
of O2 at 25 °C [24.45 mL mmol
−1]) × (4000 [μmol substrate mmol O2
−1] / nPc [μmol Pc]).  
*For the non-catalyzed auto-oxidation, turnover numbers are calculated as: TON = (final recorded O2 volume [mL] / 
molar volume of O2 at 25 °C [24.45 mL mmol
−1]) × 4000 [μmol substrate mmol O2
−1]; TONmax = nRSH = 7100 [μmol 
substrate]. 
 
 The oxidation of PBT was not attempted in the presence of air because conclusions are 
drawn from the trials performed in the presence of 99.99% oxygen; suggest that higher activity 
of F64PcCo compared to F16PcCo will be observed. Despite the high catalytic activity of 
H16PcCo in the aerobic oxidation of 2ME and 4FBT, the catalyst found to be inactive in 
oxidation of PBT according to trials performed in presence of 99.99% oxygen. This complex has 
also stability issues in alkaline condition.
32
 
 The oxidation reaction products formed in air were found to be identical to those 
observed under identical condition in the presence of oxygen (section 6.4.1.2) and therefore 
13
C 
NMR data are not presented in this section. 
6.4.3 Heterogeneous MEROX catalysis 
6.4.3.1 Catalysts for Mercaptans oxidation (MEROX) 
 The NH2F51PcCo [4-4], complex was chosen to compare both homogenous and 
heterogeneous catalysis for MEROX. While the functional fluorinated NH2F51PcCo [4-4], 
structure differs by only one fluorine atom compared to perfluoroalkyl perfluorinated F52aPcCo 
[4-2] the Pc reactivity is expected to be different. Figure 6.14 illustrates the structure of the 
functional fluorinated phthalocyanine NH2F51PcCo [4-4] and its immobilization on imidazole 
functionalized silica gel (Si-Imidazole) to create the hybrid catalyst [6-3]. The detailed 
preparation of [6-3], is provided in the experimental section 6.3.5. 
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Figure 6.14 Synthetic scheme for preparation of heterogeneous catalyst NH2F51PcCoЄSi-
Imidazole [6-3]. (Note: hypothetical structure, the Є symbol denotes interaction of metal center 
with lone pair of imidazole, functionalized on solid support). 
 
The NH2F51PcCo does not leach upon from the Si-Imidazole support upon washing with 
organic solvents, such as dichloromethane, chloroform and ethyl acetate. This anchored catalyst 
NH2F51PcCoЄSi-Imidazole was used to perform heterogeneous MEROX reactions. The 
following sections describe preliminary reactivity studies of the homogeneous (unsupported) 
NH2F51PcCo and heterogeneous (supported) NH2F51PcCoЄSi-Imidazole catalyst for thiol 
oxidation. The catalytic mercaptan oxidation cycle and oxidation reaction details for mainly 
three thiols, 2-mercaptoethanol (2ME), 4-fluorobenzene thiol (4FBT) and pentafluorobenzene 
thiol (PBT), are given in section 6.2. Repeated control experiments under both dark and light 
conditions have shown no appreciable difference in the reactivity of the PcCo catalysts. Thus, the 
photosensitized activation of dioxygen observed for the isoelectronic Zn complexes does not 
occur to a significant extent. This result is consistent with the open-shell nature of the d-orbital 
occupancy of Co(II) and, possibly, the paramagntism of Co(I), a likely intermediate in catalytic 
cycles that do not involve Co(III). The latter species is being excluded from consideration as a 
viable intermediate based on the inability of perfluoro alkylated perfluorinated Pc complexes to 
NH2F51PcCoЄSi-Imidazole [6-3] 
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lose electrons, as indicated by electrochemical experiments and Density Functional Calculations 
published or in progress at Seton Hall University.  
6.4.3.2 Catalytic oxidation reaction of 2-mercaptoethanol (2ME) 
 The time-dependent O2 consumption for the catalyzed auto-oxidation of 2-
mercaptoethanol (2ME) using the two PcCo catalysts [4-4] and [6-3], is shown in Figure 6.15 
(a). The homogeneous oxidation of 2ME catalyzed by NH2F51PcCo is faster compared to that of 
the heterogeneous NH2F51PcCoЄSi-Imidazole catalyst. It seems that Si-Imidazole alone, without 
any catalyst has an unanticipated but strong inhibitory action in 2-mercaptoethanol oxidation. 
The blank reaction without any catalyst has lower initial rate and turnover number (TON) (Table 
6.6). Moreover, 2-mercaptoethanol is sterically unhindered and has a pKa = 9.2 and thus could 
bind very tightly with the NH2F51PcCoЄSi-Imidazole catalyst. This binding might explain the 
very low initial rate and TON for the catalyzed oxidation of 2-mercaptoethanol. 
 
Figure 6.15 (a) Oxygen consumption in the catalyzed auto-oxidation of 2-mercaptoethanol in 
THF. (b) Initial reaction rates, shown as linear fits on the first data points recorded within the 
first 17 min of each reaction (Unsupported and supported catalysts). 
(a) (b) 
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 The initial oxidation reaction rates are shown in Figure 6.15 (b). The slopes of the linear 
fits are used to calculate the catalytic parameters shown in Table 6.6. The total maximum 
turnover number (TONmax) was calculated as the actual ratio nsubstrate/ncatalyst (nsubstrate = μmol of 
thiol/ ncatalyst = μmol of catalyst) present in the reaction solution. 
Table 6.6 Parameters of the catalyzed auto-oxidation of 2-mercaptoethanol under O2 
Catalyst  Rate  
[μmol O2 
min
−1
]  
TOF  
[mol RSH  
s
−1
 mol Pc
−1
]  
TON  
[mol RSH  
  mol Pc
−1
]  
TONmax  
[mol RSH  
  mol Pc
−1
]  
 TON  
 TONmax  
No Catalyst  3.20  -  4056
*
  7100
*
  0.57  
NH2F51PcCo  18.90  2.52  13525  14200  0.95  
[6-3]  4.17  0.49  5769  12456  0.46  
aInitial reaction rate, μmol O2 min
−1, calculated from the linear fit portion in `the Figure 6.15 (b). 
bTurnover frequency, mol substrate s−1 mol Pc−1, calculated under pseudo-first order conditions. 
cTotal oxidation number after 6 h, calculated stoichiometrically as: (final recorded O2 volume [mL] / molar volume 
of O2 at 25 °C [24.45 mL mmol
−1]) × (4000 [μmol substrate mmol O2
−1] / nPc [μmol Pc]). 
*For the non-catalyzed autooxidation, turnover number is calculated as: TON = (final recorded O2 volume [mL] / 
molar volume of O2 at 25 °C [24.45 mL mmol
−1]) × 4000 [μmol substrate mmol O2
−1]; TONmax = nRSH = 7100 [μmol 
substrate]. 
 
6.4.3.3 Catalytic oxidation reaction of 4-fluorobenzene thiol (4FBT) 
Oxygen consumption data over time in the auto oxidation of 4-fluorobenzene thiol (4FBT) using 
NH2F51PcCo and NH2F51PcCoЄSi-Imidazole catalysts are shown in Figure 6.16 (a). 4FBT has a 
pKa = 6.4 and thus, probably, a moderately high binding constant to metals. Figure 6.16 (b) 
shows that the supported catalyst NH2F51PcCoЄSi-Imidazole has higher initial rate in the 
catalyzed oxidation of 4-fluorobenzene thiol compared to homogeneous oxidation in presence of 
NH2F51PcCo catalyst. The functionalized silica gel has an inhibitory action of 4-fluorobenzene 
thiol oxidation and shows no consumption of oxygen in the reaction (molar ratio of 
O2/Imidazole, 6.7/0.3). The 
13
C NMR analysis of the reaction product also shows unreacted 4-
fluorobenzene thiol. The catalysis parameters are summarized in Table 6.7. The total maximum 
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turnover number (TONmax) was calculated as the actual ratio nsubstrate/ncatalyst (nsubstrate = μmol of 
thiol/ ncatalyst = μmol of catalyst) present in the reaction solution. 
 
Figure 6.16 (a) Oxygen consumption in the catalyzed auto-oxidation of 4-fluorobenzene thiol in 
THF. (b) Initial reaction rates, shown as linear fits on the first data points recorded within the 
first 10 min of each reaction. (Unsupported and supported catalysts) 
 
Table 6.7 Parameters of the catalyzed auto-oxidation of 4-fluorobenzene thiol under O2 
Catalyst  Rate
a
  
[μmol O2 
min
−1
]  
TOF
b
  
[mol RSH  
s
−1
 mol Pc
−1
]  
TON
c
  
[mol RSH  
 mol Pc
−1
]  
TONmax  
[mol RSH  
  mol Pc
−1
]  
 TON  
 TONmax  
No catalyst  14.97  -  6365
*
  7100
*
  0.90  
NH2F51PcCo  31.17  4.16  12890  14200  0.91  
[6-3] 43.44  5.08  11225  12456  0.90  
aInitial reaction rate, μmol O2 min
−1, calculated from the linear fit portion in the Figure 6.16 (b). 
bTurnover frequency, mol substrate s−1 mol Pc−1, calculated under pseudo-first order conditions.  
cTotal oxidation number after 6 h, calculated stoichiometrically as: (final recorded O2 volume [mL] / molar volume 
of O2 at 25 °C [24.45 mL mmol
−1]) × (4000 [μmol substrate mmol O2
−1] / nPc [μmol Pc]). 
*For the non-catalyzed auto-oxidation, turnover number is calculated as: TON = (final recorded O2 volume [mL] / 
molar volume of O2 at 25 °C [24.45 mL mmol
−1]) × 4000 [μmol substrate mmol O2
−1]; TONmax = nRSH = 7100 [μmol 
substrate]. 
 
6.4.3.4 Catalytic oxidation reaction of pentafluorobenzene thiol (PBT) 
(a) (b) 
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Time-dependent oxygen consumptions in the auto-oxidation of pentafluorobenzene thiol 
using NH2F51PcCo and NH2F51PcCoЄSi-Imidazole catalysts are shown in Figure 6.17 (a). The 
initial reaction rates are presented in Figure 6.17 (b) and the slope of linear fits are used to 
calculate catalytic parameters listed in Table 6.8. The supported catalyst NH2F51PcCoЄSi-
Imidazole exhibits both a higher initial rate and TON for the oxidation of pentafluorobenzene 
thiol (Table 6.8). The total maximum turnover number (TONmax) was calculated as the actual 
ratio nsubstrate/ncatalyst (μmol/μmol) present in the reaction solution. The homogeneous oxidation of 
PBT with NH2F51PcCo exhibits a lower initial rate and TON as compared to the 
NH2F51PcCoЄSi-Imidazole catalyst. The uncatalyzed pentafluorobenzene thiol oxidation is very 
difficult due to the acidic nature of this thiol, pKa = 2.7. These results indicate that the hybrid 
catalyst plays a crucial role in the oxidation of very difficult substrates such as 
pentafluorobenzene thiol and has better selectivity for aromatic thiols oxidation as compared to 
alkylated thiols. The reason behind this selectivity is unclear, but it could be caused by the tighter 
binding of alkyl thiols to the NH2F51PcCoЄSi-Imidazole catalyst as compared with aromatic 
thiols. The bulky, aromatic thiols bind the catalytic complexes and leave the active sites quickly 
due to steric repulsion between thiols and catalyst, while the alkyl thiol binds tightly and has 
difficulty in leaving the catalyst site and therefore shows lower initial rate and TON in oxidation 
of 2ME with the supported catalyst, NH2F51PcCoЄSi-Imidazole. 
230 
 
   
Figure 6.17 (a) Oxygen consumption in the catalyzed auto-oxidation of pentafluorobenzene thiol 
in THF. (b) Initial reaction rates, shown as linear fits on the first data points recorded within the 
first 83 min of each reaction. (Unsupported and supported catalysts) 
 
Table 6.8 Parameters of the catalyzed auto-oxidation of pentafluorobenzene thiol under O2 
Catalyst  Rate
a
  
[μmol O2 
min
−1
]  
TOF
b
  
[mol RSH  
s
−1
 mol Pc
−1
]  
TON
c
  
[mol RSH  
 mol Pc
−1
]  
TONmax  
[mol RSH  
 mol Pc
−1
]  
 TON  
 TONmax  
No catalyst  -  -  307
*
  7100
*
  0.04  
NH2F51PcCo  1.00  0.13  4386  14200  0.31  
Si-Imi-NH2F51PcCo  15.22  1.78  10724  12456  0.86  
aInitial reaction rate, μmol O2 min
−1, calculated from the linear fit portion in the Figure 6.17 (b). 
 bTurnover frequency, mol substrate s−1 mol Pc−1, calculated under pseudo-first order conditions. 
cTotal oxidation number after 6 h, calculated stoichiometrically as: (final recorded O2 volume [mL] / molar volume 
of O2 at 25 °C [24.45 mL mmol
−1]) × (4000 [μmol substrate mmol O2
−1] / nPc [μmol Pc]). 
*For the non-catalyzed autooxidation, turnover number is calculated as: TON = (final recorded O2 volume [mL] / 
molar volume of O2 at 25 °C [24.45 mL mmol
−1]) × 4000 [μmol substrate mmol O2
−1]; TONmax = nRSH = 7100 [μmol 
substrate]. 
 
6.4.3.5 Catalyst stability 
 UV-Vis monitored stability spectra for homogeneous NH2F51PcCo catalyzed oxidation of 
2ME, 4FBT and PBT are presented in Figure 6.18 (a), (c) and (e) respectively. UV-Vis spectrum 
acquired after 6 or 7 h and 24 h of reaction (Figure 6.18 (a), (c) and (e)) are overlapping using 
(a) 
(b) 
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homogeneous NH2F51PcCo catalyzed oxidation reaction suggesting the catalyst is stable under 
reaction condition. The catalyst leaching from heterogeneous NH2F51PcCoЄSi-Imidazole, in the 
catalytic oxidation of 2ME, 4FBT and PBT was monitored by UV-Vis spectra shown in Figure 
6.18 (b), (d) and (f) respectively for up to 24 h reaction times. In the case of NH2F51PcCoЄSi-
Imidazole catalyst the signature Q band of phthalocyanine appears to be missing in the 600 to 
800 nm region, showing that NH2F51PcCo is not leaching into THF solution from functionalized 
silica gel (Silica Imidazole) except some minor leaching in reaction of PBT (Figure 6.18 (f)). 
There is the possibility of strong co-ordination of NH2F51PcCo to functionalized silica gel (Si-
Imidazole) through imidazole and cobalt metal center interaction and/or through H-bond 
formation of −NH2 functional group of catalyst with free silanol (−OH) groups presented on 
silica gel. (Characterization of this supported catalyst NH2F51PcCoЄSi-Imidazole is in progress). 
  
(a) (b) 
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Figure 6.18 UV-Vis monitored catalyst stability during the oxidation of 2ME (a), (b), 4FBT (c), 
(d), PBT (e), (f) in THF using unsupported catalyst (a), (c) and (e), supported catalyst (b), (d) and 
(f). 
 
6.4.3.6 Reaction products 
 
The 
13
C NMR spectra of the reaction mixtures show only formation of 2-
hydroxyethyldisulfide as the reaction product. The 
13
C NMR spectra are particularly informative 
in determining the uniqueness of the product distribution and relative amount of unreacted 2ME, 
showing only two well-spaced singlets for each species. The 
13
C NMR signals in Figure 6.19 
indicate that 2-hydroxyethyldisulfide is the only product formed in the catalyzed oxidation of 
(c) (d) 
(e) 
(f) 
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2ME in the presence of NH2F51PcCo catalyst. In case of NH2F51PcCoЄSi-Imidazole and non-
catalyzed oxidation of 2ME, mixture of unreacted 2ME and 2-hydroxyethyldisulfied are present 
in Figure 6.19. No other product could be identified. The observed 
13
C NMR signals for the 
starting substrate 2-mercaptoethanol and the formed product (2-hydroxyethyldisulfide) match the 
signals reported in section 6.4.1.2. 
 
Figure 6.19 
13
C NMR, 126 MHz Acetone-D6 (15-80 ppm range) stacked spectra of reaction 
mixtures in the catalyzed auto-oxidation of 2ME. 
 
 The comparative 
13
C NMR spectra of the reaction mixtures obtained by oxidation of 4-
fluorobenzene thiol (4FBT) are shown in Figure 6.20. The spectra show, without exception, only 
the quantitative formation of 4-fluorophenyl disulfide as the reaction product. Its unambiguous 
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identification is facilitated by the diagnostic C1 shift from 127.4 ppm, in 4FBT, to 132.9 ppm in 
the disulfide. The product’s molecular symmetry is made obvious by the occurrence of only five 
distinct resonances, the C4 signal being split in both compounds by 
13
C–19F spin coupling. The 
complete absence of starting material in the catalyzed mixtures is entirely consistent with the 
maximum stoichiometric consumption of oxygen recorded for all reactions, within the 
experimental error of manometric detection (Figure 6.20). 
 
Figure 6.20 
13
C NMR, 126 MHz Acetone-D6 (110-170 ppm range) stacked spectra of reaction 
mixtures in the catalyzed auto-oxidation of 4FBT. 
 
 
19
F NMR chemical shifts are diagnostic of facile determination of the composition 
mixtures. Both the starting material and the disulfide oxidation product exhibit only 3 singlets, 
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due to symmetry, in a 2:1:2 ratios. The equally symmetric thio-ether thiol, on the other hand, 
shows 5 signals in the 2:2:2:1:2 ratios. All 
19
F chemical shifts are well separated and allow for 
full interpretation of the spectra, and matching according to the values listed in section 6.4.1.2. 
 
Figure 6.21 
19
F NMR, 470 MHz Acetone-D6 (-120 to -170 ppm range) stacked spectra of 
reaction mixtures in the catalyzed auto-oxidation of PBT. 
 
 As mentioned previously, the analysis of the reaction products by NMR is complicated 
by the significant amount of nucleophilic substitution side products, mainly the C6F5SC6F4SH 
thio-ether thiol (dimer). Trimeric thioethers and combinations of various disulfides are believed 
to be formed too, in small amounts reflected by some unassigned 
19
F NMR signals (Figure 6.21). 
The exact amount of nucleophilic substitution products is difficult to determine by NMR, due to 
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a major difference in solubility of the disulfide and thio-ether thiols in organic solvents. No 
attempts have been made to separate and purify the reaction products, and in all cases NMR 
spectra were taken of the evaporated and then vacuum-dried reaction mixtures.  
 The newly designed electron-deficient fluorinated complexes of Chapters 4 may exhibit a 
strong thiolate binding to the Lewis-acidic Co center, even when thiolates of poor basicity (eg. 
highly acidic PBT thiols) are employed.  
 
6.5 Conclusions 
The perfluorinated phthalocyanines with variation in steric space and fluorine content 
(F52a, F51, F40) were formed successfully possessing cobalt as central metal atom (F64>Fx>F16). 
The newly synthesized complexes are stable under reaction conditions and found to be very 
active for homogeneous mercaptans oxidation despite their partial aggregation. The 
heterogeneous NH2F51PcCoЄSi-Imidazole catalyst also proved their efficiency in case of 
aromatic and extremely acidic PBT. The commercially available F16PcCo is found to be less 
active while H16PcCo is inactive in PBT oxidation. Also they were found to be less stable 
compared to perfluorinated catalysts [4-1]-[4-4]. Overall faster reaction rates are observed for 
catalyzed 4FBT oxidation as compared to 2ME oxidation, which proved tight binding of more 
basic 2-mercaptoethanethiolate on cobalt metal center. These newly designed intermediate 
perfluorinated phathalocyanine complexes found to be ideal catalyst owing their stability and 
solubility in organic solvent for liquid/liquid MEROX process and future development of 
heterogeneous catalysts through replacement of aromatic carbon-fluorine (C-F) bonds with the 
functional groups presented on external solid substrates. 
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CHAPTER 7 
 
BIOLOGICAL APPLICATIONS: FUNCTIONAL FLUORINATED 
PHTHALOCYANINE CONJUGATES FOR THE PHOTODYNAMIC 
THERAPY OF CANCER (PDT)
†
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
† Collaborative Project: The identical portion of this chapter was also found in Patel, Pradeepkumar L., “Targeting 
GRP78 in Cancer with Nucleic Acid Bioconjugates” (2014). Seton Hall University Dissertations and Theses 
(ETDs). 
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7.1 Introduction 
 Photodynamic therapy (PDT) of cancer is a well established, clinically approved, 
minimally invasive or non surgical effective therapeutic procedure for the treatment of various 
types of cancer.
1
 A photosensitizer (PS), light and oxygen are three major components of PDT. 
PS is a substance that produces reactive oxygen species (ROS), such as singlet oxygen (
1
O2), 
aerobically when irradiated with light of the appropriate wavelength.
2
 The selection of the ideal 
light source is critical and based on absorption of PS and disease characteristics. Blue light 
penetrates tissue poorly and is harmful, whereas red to near-infrared (NIR) radiation penetrates 
tissue deeper and is benign. The 600-1200 nm region is often called “PDT window for tissues”. 
Although light up to ~ 800 nm is ideal for 
1
O2 generation, longer wavelengths have insufficient 
energy to initiate a photodynamic reaction.
3
 The clinical potential of PDT has been recognized 
since O. Raab’s observation more than 100 years ago that the combination of acridine and light 
was toxic to paramecium.
4a,b
 Not to mention, the first regulatory approval for the PDT drug 
(Hematoporphyrin (HpD), Figure 7.1)
4c
 granted in 1993 for bladder cancer in Canada. Figure 7.1 
shows several classes of PSs that have been applied clinically for various types of cancer PDT 
treatment, for example skin, head and neck, lung, liver, colon, bladder, prostate, ovarian, 
esophagus, breast, bile duct, ophthalmic, pancreatic, brain etc.
5
  
 Tetrapyrrole scaffolds, such as, porphyrins, chlorins, corroles and phthalocyanines (Pc) 
based PSs are ideal candidates for PDT.
6
 They have been subject of continuous improvement and 
research in order to achieve balanced properties such as high therapeutic index, water solubility, 
high molar extinction coefficients in the NIR region (600-900 nm), generation of 
1
O2 in high 
quantum yield, and low dark cytotoxicity.  
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Figure 7.1 Structure of clinically considered photosensitizers for PDT of cancer.
5
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Numerous efforts including incorporation of heavy metals in PS,
7
 delivery vehicles
8
 and 
conjugation strategies have been carried out to address photocytotoxicity, water solubility, 
bioavailability, poor tumor-targeting abilities and side-effect minimization.
9
 Antibody-
conjugated PS for example, was used to improve the selectivity of PDT in ovarian cancer has 
limitations due to the diverse nature of tumor types and their complex cellular network.
10
 
Delivery and solubility limitations of the PS can be addressed via introduction of 
cationic/anionic groups,
11
 hydrophilic groups,
12
 dendrimer formation,
13
 bioconjugation,
14
 nano-
particles formulation
15
 etc. The acidic nature of cancer cells compared to normal cells has also 
facilitated the development of pH-activated PS.
16
 Conjugation strategies with nucleic acid and 
bio-molecules such as oligonucleotide, peptide etc. were also employed to increase the tumor 
targeting abilities of PS.
17
 The PS-bioconjugates (PS-oligonucleotide/PS-peptide) rather than PS 
alone have been shown to enhance the PDT responses in cancer cells with fewer side effects in 
several pre-clinical studies. They have been effective in both diagnostic and theranostic 
applications.
17
 
 Among the tetrapyrrole scaffold based PS-bioconjugates, Pc-based PSs are ideal in 
developing PS-bioconjugates for PDT due to their favorable properties such as stability, high 
1
O2 
quantum yield and/or fluorescence generation capabilities and high molar extinction coefficients 
in the NIR region.
18
 Several Pc-bioconjugates have been shown to function well in targeted 
forms of PDT and circumvent the limitations that accompany them such as solubility and 
dispersion in all tissue types. Some of the examples of Pc-bioconjugates includes: nucleic acid 
conjugation with silicon Pc, which improved solubility, reduced aggregation and improved 
1
O2 
generation;
19
 peptide conjugation with Zinc Pc increased the solubility, cell-targeting ability of 
Pc with reported high phototoxicity and low dark cytotoxicity for its conjugates;
20
 Pc-
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oligonucleotide conjugates have been also employed as NIR fluorescent biosensors, gene 
mutation analyses, live cell and in vivo imaging, targeted PDT application etc.
21
 
 The success of PDT depends to a large extent on the tissue and intracellular localization 
of PS or PS-bioconjugates. The hydrogen based Pc possesses photobleachable properties leading 
to cytotoxicities and therefore lowers the therapeutic index. Perfluorination of Pc macrocycles 
overcomes these issues, although planar aromatic C-F bonds increases nucleophilic susceptibility 
and aggregation and, therefore, lowers the 
1
O2 quantum yield in F16PcM (M = Zn) class of PS.
22
 
Thus, partial replacement of aromatic F in perfluorophthalocyanine, F16PcM (M = Zn), with 
isoperfluoroalkyl groups (RF) to give F64PcM (M = Zn) was shown to improve the Pc’s solubility 
in organic solvents and to depress HOMO-LUMO gaps, thereby extending the Q-bands 
absorption in the 600-800 nm NIR region, while retaining the parent’s high ~ 105 molar 
extinction coefficients favoring efficient 
1
O2 production for PDT.
23
 Aqueous solubility of 
F64PcM is hampered due to its hydrophobic character, while the inert C-F bonds leaves only the 
metal center available for bioconjugation. 
 In order to improve the potential of F64PcM (M = Zn), Figure 7.2 class of PS in PDT, this 
chapter describes the invention and development of a new class of functionalized fluoroalkyl 
phthalocyanine PS, F48H7(COOH)PcM (M = Zn), [7-17], (Figure 7.2) structurally homologous to 
F52aPcM (Figure 7.2), but critically possessing a carboxylic acid functional group which may 
facilitate its conjugation with biomolecules such as carbohydrates, nucleosides, oligonucleotides, 
peptides and proteins. In addition, the F48H7(COOH)PcZn retains excellent photophysical 
properties similar to that of the perfluorinated F52a/F64PcZn. The present chapter also describes 
work in collaboration with Dr. David Sabatino (Department of Chemistry and Biochemistry, 
Seton Hall University), Dr. Pradeepkumar Patel (Sun Pharmaceuticals, Cranbury, NJ) and Emily 
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Borland Bsc. (Ingredion Inc., Plainsboro, NJ) which involves conjugation of F48H7(COOH)PcZn 
with a cancer-targeting oligonucleotide (NH2-C6-5’-CTTCATCTTGCCGGCGCT-3’) i.e. 
perfluoroalkyl phthalocyanine-cancer-targeting oligonucleotide (Pc-CTO) for targeted PDT of 
cancer.
24
 The cancer-targeting oligonucleotide, CTO, was selected from the antisense DNA 
sequence exhibiting potent Glucose Regulated Protein 78 (GRP78) knockdown in neonatal rat 
cardiomyocytes.
25
 The GRP78 functions as a chaperone protein that regulates protein 
folding/misfolding events in the lumen of the endoplasmic reticulum (ER) of all cell types.
26
 In 
cancer, GRP78 is over-expressed and localized on the cell surface where it exhibits a myriad of 
signaling activities related to cancer initiation, production and metastatic spread.
27
 The CTO is 
proposed to target and bind to the GRP78 oncogene, ultimately inhibiting its protein translation. 
As far as the PDT is concerned, when illuminated under aerobic conditions, the Pc generates 
1
O2 
which triggers apoptotic events in cancer cells. A combination approach, featuring oncogene 
knockdown and PDT has proven to be effective in chemo-resistant tumors in an effort to 
eradicate some of the more resilient forms of cancer.
28 
 To the best of our knowledge, however, coupling a chemically robust functionalized 
fluoroalkyl zinc Pc with an oligonucleotide vector, Figure 7.2, targeting a DNA or mRNA 
oncogene, has not been reported. Thus, the development of the proposed F48H7PcZn-CTO 
bioconjugate may be promising lead for the development of a potent and selective anti-cancer 
strategy which targets the GRP78 oncogene. 
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Figure 7.2 Structure of F64PcM (M = Zn, [3-1]), F52aPcM (M = Zn, [3-2]), F48H7(COOH)PcZn 
[7-17] and GRP78 cancer-targeting Pc-oligonucleotide (Pc-CTO) bioconjugate, [7-20]. 
 
 
7.2 Experimental Section 
7.2.1 General Experimental 
All solvents (ACS grade or better) and reagents were purchased from commercial sources 
and used without further purification, unless stated otherwise. Perfluoro-(4,5-
diisopropyl)phthalonitrile,
29
 [2-3] and 4-(3,4-dicyanophenoxy)benzoic acid,
18
 [7-16] were 
prepared according to published literature procedures. Chromatographic separations were carried 
out on silica gel 60 (63–200 μm). Thin-layer chromatography was performed on pre-coated 
aluminium-backed silica gel 60 F254 plates. 
1
H and 
19
F NMR spectra were obtained at ambient 
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temperature on Varian Inova 500 or 400 MHz instuments. 
1
H chemical shifts are reported in ppm 
and referenced to standard deuterated solvents signal that contain residual protons. 
19
F chemical 
shifts are reported in ppm relative to an internal CFCl3 (δ = 0.00) standard. NMR spectral data 
were processed with the ACD/NMR Processor software. Infrared spectra were obtained on a 
Nicolet 4700 FT-IR (ThermoElectron Co.) spectrophotometer coupled with OMNIC software 
(driver version: 7.1). The samples for infrared spectroscopy were prepared by evaporating in air 
a dichloromethane solution of the compound forming a thin film on NaCl plates. Electronic 
absorption spectra were collected with a HP Diode array spectrophotometer 8425A. High-
resolution mass spectra (HRMS) using electron spray ionization in negative mode were acquired 
at the University of Michigan (Ann Arbor, MI). 
7.2.2 Synthesis of F48H7(COOH)PcZn, [7-2] 
3,6-difluoro-4,5-bis(perfluoropropan-2-yl)benzene-1,2-dinitrile [2-3], (100 mg, 0.199 mmol), 4-
(3,4-dicyanophenoxy)benzoic acid, [7-16], (53 mg, 0.199 mmol), zinc(II) acetate anhydrous 
(18.3 mg, 0.999 mmol) and catalytic amounts of ammonium molibdate were mixed with few 
drops of nitrobenzene in a glass vial, sealed with a Teflon cap and heated in the microwave 
reactor at 190 
o
C for 20 minutes. The crude product was purified by column chromatography on 
silica gel using 4:6 v/v hexane/acetone. F64PcZn was isolated as a green-blue solid (31% yield) 
while the desired product, F48H7(COOH)PcZn, [7-17], was isolated as a green solid. The latter 
was further purified by chromatography using 1:9 v/v of MeCN (contain 0.1 % TFA)/Hexane. 
Yield: 25.3 mg, 20.8%.  
F48H7(COOH)PcZn, [7-17]: 
1
H NMR (500 MHz, (CD3)2CO), δ [ppm] = 7.13 - 7.31 (m, 2H), 
7.46 - 7.59 (m, 1H), 7.62 - 7.78 (m, 1H), 7.80 - 8.20 (m, 3H);. 
1
H NMR (500 MHz, (CD3)2CO + 
TFA): δ [ppm] = 7.37 (d, J=8.79 Hz, 2H), 7.98 (dd, J=7.81 Hz, 1H), 8.11 (d, J=8.79 Hz, 2H), 8.9 
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9 (d, J=1.95 Hz, 1 H), 9.36 (d, J=7.81 Hz, 1H); 
19
F NMR (470 MHz, (CD3)2CO): δ [ppm] = -
164.57 (br. s., 6F), -104.23 (br. s., 6F), -72.87- -70.37 (m, 36F); IR (NaCl plate, cm
-1
): 2957, 
2924, 2853, 1726, 1591, 1462, 1379, 1274, 1122, 1074, 951, 801; HRMS (-ve ESI) m/z 
calculated for C57H8F48N8O3Zn [M+Cl]
-
, 1862.8938, found 1862.8964; UV-Vis (CHCl3) λmax 
(log ε) 710 (5.02), 672 (4.96), 608 (4.32), 378 (4.68) nm (L mol-1 cm-1). 
7.2.3 Photo-physical measurements 
Emission spectra were acquired with a Horiba Jobin Yvon FluoroLog (Model: FL3-11) 
Spectrofluorometer coupled with the FluorEssence v3.5 software. 167.6 µL of a 71.6 µM stock 
solution of F48H7(COOH)PcZn [7-17] in n-propanol was diluted to a volume of 3 mL for all 
fluorescence measurement. Fluorescence quantum yields were determined via a comparative 
method using H16PcZn in n-propanol (18.5 µM stock soln.) as the standard over a range of five 
different concentrations obtained via dilution from the stock solution, with the highest 
absorbance being less than 0.1 A.U. 
7.2.4 Procedure for photo-oxidation of S-(–)-Citronellol 
Photo-oxidations of S-(–)-Citronellol were performed in a 100 mL double-walled 
jacketed glass vessels. The custom made photooxidation apparatus is shown in experimental 
section 1.3.8 of Chapter 1. Circulating water was used to maintain a constant 25 
o
C temperature. 
Reaction mixtures consisted of 20±2 μM F48H7(COOH)PcZn solutions in 50 mL ethanol and 180 
μL (1.0 mmol) (S)-(–)-Citronellol. Substrate/catalyst ratio was ~1000:1. A saturated O2 
atmosphere was achieved by passing O2 (99.99%) for 10 min through the F48H7(COOH)PcZn 
solution. Illumination was performed using 300 W halogen lamps with a Kodak Ektagraphic III 
slide projector, creating a light intensity of 2.5±0.1 × 10
5
 lux, measured at the outer wall of the 
glass reaction vessel with an EA33 model light meter (Extech Instruments, Waltham, MA). The 
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visible (red) light was produced by using 0.01 M potassium chromate solution. The system was 
sealed and oxygen consumption was recorded under illumination after injecting (S)-(–)-
Citronellol into the reaction vessel. Any initially accumulated overpressure was released by 
quick purges through a Teflon stopcock. For each catalyst illumination was maintained for ~ 3 to 
5 h, after which the system was opened and the composition of the mixture was analyzed by UV-
Vis and 
1
H NMR. The maximum theoretical O2 consumption in all cases at 25 °C was limited to 
24.45 mL, according to the observed 1:1 overall stoichiometry. 
7.2.5 Solid-Phase Oligonucleotide Synthesis 
Synthesis of alkyl (C6) amino linker GRP78 antisense oligonucleotide, [7-23], (5’-
CTTCATCTTGCCGGCGCT-3’), sense oligonucleotide, [7-21], (5’-
AGCGCCGGCAAGATGAAG-3’) and sense RNA oligonucleotide, [7-22], (5’- 
AGCGCCGGCAAGAUGAAG-3’) sequences were performed on an Unylinker controlled pore 
glass (CPG) support (Chemgenes Co.) using a 1 μmol scale automated synthesis cycle on a ABI 
3400 DNA synthesizer. All phosphoramidites were dissolved in anhydrous MeCN yielding 0.1 
M solutions. The coupling times were 20 sec using 0.25 M 5-ethylthiotetrazole (ETT) in MeCN 
as activator. The detritylation times were set to 2 min using a solution of 3% dichloroacetic acid 
in CH2Cl2 (DCM). Capping and oxidation steps were performed using a mixture of acetic 
anhydride/N-methyl imidazole in MeCN and a solution of 0.01 M iodine in pyr/THF/H2O, 
respectively. Following synthesis, oligonucleotides were cleaved from the CPG and deprotected 
with NH4OH:EtOH (3:1 v/v) for 16 h at 55 ºC. The crude oligonucleotides were evaporated to 
dryness, extracted from the CPG with autoclaved H2O (1 mL) and quantitated by UV/Vis 
spectrophotometry. Crude oligonucleotides were purified by reverse-phase ion-pairing HPLC on 
a Waters 2695 Alliance system equipped with a Nova-pak C18 reverse phase column (3.9 x 150 
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mm, 4 μm particle size) and gradient elution method of 5-95% A (A: 20% MeCN in 0.1 M 
TEAA) over 23 min. The molecular masses of pure oligonucleotides were confirmed by ESI-
MS. In the case of RNA, [7-22], CPG-bound RNA was transferred into autoclaved eppendorf 
tubes and treated with a 1 mL solution of 1:1 v/v ammonium hydroxide/methylamine (AMA) 
and heated at 65 °C for 10 min. AMA was evaporated in-vacuo and the CPG was washed twice 
with autoclaved water (500 μL). Crude RNA oligonucleotides were re-suspended in a mixture of 
1:1 v/v DMSO:triethylamine trihydrofluoride (125 μL) to complete the 2’-desilylation reaction at 
65 °C for 90 min. The crude RNA was precipitated from the reaction mixture with 3 M NaOAc 
(25 μL) in n-BuOH (1 mL). Precipitation was completed on dry ice for 2 h prior to centrifugation 
(12,000 rpm) leaving the crude oligonucleotides as a solid white pellet. Crude oligonucleotides 
were re-suspended in autoclaved water (1 mL) and the yields were determined by UV 
absorbance measurements at 260 nm. Crude RNA was purified by reverse-phase ion-pairing 
HPLC and characterized by ESI-mass spectrometry as previously described. 
7.2.6 Preparation of the F48H7PcZn antisense oligonucleotide bioconjugate, [7-20] 
The bioconjugate was produced on solid-phase, by combining the carboxy-derived 
perflouro phthalocyanine, [7-17], (3 eq, 5 mg) with the GRP78 antisense [7-19], oligonucleotide-
bound resin (1 μmol). A coupling reagent (HCTU, 1.2 mg, 3 eq) was added, the mixture was 
suspended in DMF (1 mL) and a base (NMM, 0.66 μL, 6 eq) was added to initiate the reaction. 
The reaction was performed overnight (16 h) at room temperature, in an overhead shaker. The 
mixture was filtered, and the resin was washed successively with DMF (3 x 10 mL), MeCN (3 x 
10 mL), THF (3 x 10 mL) and DCM (3 x 10 mL) and dried in vacuo. The F48H7PcZn 
oligonucleotide-bound resin was cleaved and deprotected using NH4OH:EtOH (1 mL, 3:1 v/v) 
for 24 h at 55 °C. The solution was centrifuged and concentrated to a solid pellet. The crude 
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oligonucleotide was extracted in autoclaved water (1 mL), quantitated by UV-Vis 
spectrophotometry (Crude OD: 29, Absorption coefficient (ε): 159,100, Path-length: 1 cm, 
Concentration: 182 µM)
†
 analyzed and purified by ion pairing reverse-phase HPLC as described 
above. The desired F48H7PcZn oligonucleotide bioconjugate, [7-20], was isolated in purity > 
95% and 18% yield (1.35 mg) characterized by ESI mass spectrometry (Table 7.1) and 
quantitated by UV-Vis spectrophotometry (Pure OD: 3, Absorption coefficient (ε): 159,100, 
Path-length: 1 cm, Concentration: 19 µM)
†
 
† The absorption coefficient (ε) was calculated using Intergrated DNA Technologies’ OligoAnalyzer 3.1. Optical 
Density (OD) was converted to Concentration using converter. 
 
7.2.7 UV-Vis Spectroscopy 
Optical absorption spectra were acquired with a HP Diode array or a Varian Cary 300 
dual beam UV-Vis spectrophotometer. Absorption values were obtained for [7-17] (10 μM) in 
chloroform/ethanol or for oligonucleotides [7-20]-[7-24] (0.67 μM) in a physiologically relevant 
phosphate buffer (140 mM KCl, 5 mM NaH2PO4, 1 mM MgCl2, pH = 7.2). Absorption 
measurements were recorded at 300-800 nm for [7-17], [7-20] and 260 nm for oligonucleotides 
[7-20]-[7-24], which were quantified according to the Lambert-Beer law. The data was averaged 
over a range of five different absorbance scans and reported as a mean value with a standard 
deviation no greater than 0.1 a.u. 
7.2.8 Electron spray ionization mass spectrometry 
All oligonucleotide mass spectra were acquired on an HTCS LCMS system at Novatia, 
LLC for 100 pmol of oligonucleotide sample dissolved in 1 mL H2O and directly injected for 
ESI-MS. The data was processed by a ProMass software (Table 7.1). High-resolution mass 
253 
 
spectrometry of [7-17], was analyzed by direct injection on TOF/Q-TOF Mass Spectrometer at 
University of Michigan, Mass Spectrometry service laboratory. 
Table 7.1 Electron spray mass spectrometry data for oligonucleotides [7-20]-[7-24] 
No. Sequence Obs. Mass Calc. Mass 
[7-20] F48H7PcZn-CONH-C6-5’-CTTCATCTTGCCGGCGCT-3’ 7411.4 7410.6 
[7-21] 5’-AGCGCCGGCAAGATGAAG-3’ 5583.1 5582.7 
[7-22] 5’-AGCGCCGGCAAGAUGAAG-3’ 5856.1 5856.1 
[7-23] 5’-CTTCATCTTGCCGGCGCT-3’ 5417.1 5417.5 
[7-24] NH2-C6-5’-CTTCATCTTGCCGGCGCT-3’ 5596.8 5596.7 
 
7.2.9 Thermal denaturation experiments, Tm 
Thermal denaturation studies were conducted on a Varian UV-Vis Cary 300 dual beam 
spectrophotometer equipped with a temperature controller. Complementary DNA and RNA 
oligonucleotides were annealed in a physiologically relevant phosphate buffer (140 mM KCl, 5 
mM NaH2PO4, 1 mM MgCl2, pH = 7.2). The solutions were denatured at 95 ºC for 1 min then 
cooled to room temperature over 2.5 h and kept at 4 ºC overnight prior to conducting 
experimentation. The thermal melts were run from 5 to 90 ºC with temperature gradient 
increments of 0.5 ºC/min and data points collected every 0.5 ºC/min at 260 nm. The Tm 
measurements were calculated according to the temperature at which 50% of the duplex 
denatured to single strands from a plot comparing the changes in hyperchromicity vs 
temperature. 
7.2.10 Circular Dichroism (CD) Spectroscopy 
Samples were prepared as described in the thermal denaturation experiments and 
analyzed using an Aviv Circular Dichorism (CD) Spectrophotometer (Model: 62A DS). CD 
spectra were collected on an average of three scans using 1 nm bandwidth and 0.5 min step size 
at 25 
o
C from 310-210 nm. Samples were blank corrected, smoothed and the data converted to 
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molar ellipticity values from the equation [θ] = θ/cl, where θ is the relative ellipticity (mdeg), c is 
the molar concentration of the DNA (μM) and l is the path length of the cell (1 cm). The data 
was imported into Microsoft Excel and the CD spectra were plotted in terms of molar ellipticity 
vs wavelength. 
7.2.11 Photo-oxidation and chemical cleavage assay 
The Pc labeled GRP78 antisense oligonucleotide, [7-20], (6.7 μM) was annealed with a 
complementary DNA or RNA sequences ([7-21], [7-22], 6.7 μM) in a physiological phosphate 
binding buffer (140 mM KCl, 1 mM MgCl2, 5 mM Na2PHO4 adjusted to pH 7.2). The unlabeled 
native GRP78 oligonucleotide sequences, [7-21]-[7-23], were also hybridized and used as 
controls. O2 was passed inside the microtube reactor (1 mL) to saturate the solution with oxygen. 
The reaction was initiated by illuminating light (~ 250,000 lux) onto the samples at room 
temperature (22 
oC). Aliquots (7 μL), collected at different time points (0-12 h), were transferred 
to separately sealed microtubes and stored in the absence of light at 4 °C until further use. 
Control experiments were also conducted as previously described in the absence of oxygen 
and/or light. Following the completion of the photooxidation reaction, the aliquots were 
dissolved in 1 M piperidine in water (150 μL, pH 12) and incubated for 45 min at 95 °C. The 
samples were centrifuged and concentrated to dryness on a Savant speedvac concentrator. 
Samples were then re-suspended in 80% formamide in autoclaved water (10 μL) and loaded on a 
24% denaturing (7 M urea) PAGE. Following electrophoresis gels were visualized under short-
UV shadowing (265 nm) and subsequently placed in a Stains-All® (Sigma) dye solution (25 mg 
Stains-All®, 50 mL isopropyl alcohol, 25 mL formamide, 125 mL water) for visualizing the 
resolved bands. 
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7.3 Results and Discussion 
7.3.1 Synthesis of PS, F48H7(COOH)PcZn 
The synthetic scheme for production of carboxy-derived PS, F48H7(COOH)PcZn, [7-17], 
is shown in Figure 7.3. The microwave based synthetic procedure and characterization data of 
[7-17] is presented in experimental section 7.2.2. Its composition and purity were confirmed by 
1
H, 
19
F NMR, IR and HRMS spectrums presented in Appendix A.26, A.28, B.17, C.18 
respectively. 
1
H NMR coupling constants and chemical shifts were well resolved when acquiring 
a spectra after the addition of one drop of trifluoroacetic acid (TFA) in Acetone-D6 (Appendix 
A.27). 
 
Figure 7.3 Microwave-assisted solution-phase synthesis of F48H7(COOH)PcZn, [7-17]. 
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The asymmetry of [7-17] is revealed by the characteristic Q band split in UV-Vis 
spectrum, a phenomenon which is known for metallo Pc complexes as discussed in Chapter 3 
and 4. The solvent-independent Q-bands intensities and linearity of the Lambert-Beer plot for [7-
17] (Figure 7.4) also reveals its lack of aggregation. The non aggregating feature created via 
arrangement of six bulky i-C3F7 substituents on peripheral position in [7-17]. The lack of 
aggregation is a key factor which avoids the shortening of the Pc excited states lifetimes, limiting 
inter-molecular interactions and therefore increases 
1
O2 production efficiency of Pc. The solvent 
dependent aggregation of F16PcZn [5-1] resulted in low reactivity on 
1
O2 production as 
demonstrated in Chapter 5. 
         
  
(a) (b) 
(c) (d) 
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Figure 7.4 UV-Vis electronic absorption spectra of F48H7(COOH)PcZn, [7-17] (a) [7-17] (2-10 
μM) in chloroform; (b) and (d) Lambert-Beer plot of the Q-band absorption maxima in 
chloroform; (c) normalized absorption spectra of [7-2] in chloroform and ethanol. 
 
7.3.2 
1
O2 production study of F48H7(COOH)PcZn [7-17] 
The 
1
O2 generation capability of [7-17] in aerobic environment is demonstrated by a 
model reaction i.e. photo-hydroperoxidation of (S)-(–)-Citronellol30 by using the procedure 
described in experimental section 7.2.4. The general mechanism of 
1
O2 formation in the presence 
of a photosensitizer is presented in Chapter 5 and the scheme of photooxidation reaction of 
Citronellol forming two hydroperoxide products shown in Figure 7.5. Oxygen consumption 
during photooxidation was recorded and plotted versus time in Figure 7.6 (a) using both UV-Vis 
(white) and visible (red) light. The reaction obeys pseudo-first order kinetics in both experiments 
according to the linear dependency of oxygen versus time, Figure 7.6 (b). The initial reaction rate 
of 27.8 μmol O2 min
−1
, corresponding to a turnover frequency 460 mmol citronellol s
−1
 mol Pc
−1
 
calculated using linear dependency reaction rate equation of white light. This rate is 27.8 is 
consistent with the 33.6 μmol O2 min
-1
 value reported for the homoleptic F64PcZn,
22b
 [3-3]. The 
initial reaction rate of 11.3 μmol O2 min
−1
 that corresponds to a turnover frequency 151 mmol 
citronellol s
−1
 mol Pc
−1
 calculated using linear fit reaction rate equation using red light, which 
found to be low compared to white light. The [7-17] catalyzed reaction products of (S)-(–)-
Citronellol photooxidation produce two hydoperoxide mixture as shown in Figure 7.5, whose 
identity were confirmed by using 
1
H NMR spectroscopy.
30
 The photostability of [7-17] is 
confirmed by UV-Vis spectrum taken before and after the reaction (Figure 7.6 (c)). In contrast, 
the protio H16PcZn is not photostable, as exemplified by the loss of Q-bands intensities during 
the photooxidation reaction.
22b
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Figure 7.5 Photo-oxidation reaction of (S)-(–)-Citronellol to hydroperoxides [5-4] and [5-5]. 
 
  
 
 
Figure 7.6 (a) Photooxidation of (S)-(–)-Citronellol in EtOH by [7-17] using UV-Vis (white) 
and visible (red) light (b) linear fit of oxygen consumption data are shown on time scale (c) 
Time-dependent UV-Vis study during photooxidation of (S)-(–)-Citronellol and O2 titration at 25 
o
C. 
(a) (b) 
(c) 
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The reaction demonstrated excellent 
1
O2 production efficiency of [7-17] coupled with non 
aggregating behavior and photostability. 
7.3.3 Fluorescence quantum yield measurement of F48H7(COOH)PcZn [7-17] 
The relative fluorescence quantum yield of complex F48H7(COOH)PcZn was determined 
using comparative method in n-propanol at various concentrations and H16PcZn as the standard 
(ΦF = 0.45)
31
 with the higest absorbance being no greater than 0.25 a.u. The excitation 
wavelength 650 nm was selected and the emission spectra were recorded from 660 to 760 nm at 
various F48H7(COOH)PcZn and H16PcZn concentrations in n-propanol for (Figure 7.7 (a), (c)). 
The absorbance spectra were also recorded from 650 to 800 nm for prepared concentrations for 
both F48H7(COOH)PcZn and H16PcZn. The graph of absorbance at 650 nm versus area of 
fluorescence intensity were ploted and slopes were obtained as shown in Figure 7.7 (b), (d). The 
fluorescence quantum yield, ΦF, is determined for F48H7(COOH)PcZn in n-propanol by taking 
ratio of slope and quantum yield of standard H16PcZn and F48H7(COOH)PcZn samples. Since 
slopes of both H16PcZn, F48H7(COOH)PcZn and ΦF of standard H16PcZn in n-propanol are 
known
31
 the ΦF for F48H7(COOH)PcZn can be obtained. The fluorescence quantum yield, ΦF = 
0.09 is determined by averaging three trials (ΦF = 0.096, 0.076, 0.097) of F48H7(COOH)PcZn [7-
17] in n-propanol. 
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Figure 7.7 (a) Fluorescence emission spectra of F48H7(COOH)PcZn and (c) H16PcZn standard at 
different concentration in n-propanol. (b) Calculation of slope from linear plots of absorbance at 
650 nm versus area of fluorescence intensity for F48H7(COOH)PcZn and (d) H16PcZn. 
 
The relatively low fluorescence quantum yield (9.0 %) of photosensitizer [7-17] may possibly 
suggest that this compound has a higher singlet oxygen quantum yield, also observed by the 
increased oxygen consumption rate in the photo-oxidation of (S)-(–)-Citronellol, however this 
was not measured quantitatively. The singlet oxygen quantum yield of [3-1] is 0.8, reported 
previously to be measured by a photophysical method,
32
 this observation leads to the assumption 
(a) (b) 
(c) (d) 
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of high singlet oxygen quantum yield for complex [7-17] due to its partly structural similarity to 
[3-1] and [3-2]. The quantum yield of 
1
O2 production remains to be determined. 
7.3.4 F48H7(COOH)PcZn-CTO bioconjugates [7-20] for the PDT of cancer 
The synthetic scheme to generate F48H7PcZn-CTO bioconjugates [7-20] is shown in 
Figure 7.8. Conventional amide coupling conditions
33
 were used for the reaction of carboxylic 
acid group of [7-17] with the amino group of the solid-supported CTO, 3’-
TCGCGGCCGTTCTACTTC-5’-C6-NH2, [7-19] to form amide linkage. The detailed synthetic 
procedure for [7-20] is given in experimental section 7.2.6. F48H7PcZn-CTO bioconjugate [7-
20], was isolated > 95% purity after cleavage, deprotection and HPLC purification. UV-Vis 
electronic absorption spectra of F48H7PcZn-CTO bioconjugate, [7-20] is shown with Q-band 
[600-800 nm] in inset in Figure 7.9. The HPLC chromatogram of GRP78 CTO, [7-24]; GRP78 
DNA, [7-21]; GRP78 mRNA, [7-22] and F48H7PcZn-CTO bioconjugate [7-20] are shown in 
Figure 7.10-7.13 respectively. 
 
Figure 7.8 Synthetic scheme for F48H7PcZn-CTO bioconjugate [7-20]. 
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Figure 7.9 UV-Vis electronic absorption spectra of F48H7PcZn-CTO bioconjugate, [7-20]. The 
Q-band is shown in the inset [600-800 nm]. 
 
 
 
Figure 7.10 HPLC chromatogram of GRP78 CTO, [7-24]. 
 
 
Figure 7.11 HPLC chromatogram of GRP78 DNA, [7-21]. 
 
 
GRP78 CTO 
GRP78 DNA 
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Figure 7.12 HPLC chromatogram of GRP78 mRNA, [7-22]. 
 
 
 
Figure 7.13 HPLC trace of F48H7PcZn-CTO bioconjugate, [7-20]. 
 
7.3.5 F48H7(COOH)PcZn-CTO duplex with complementary DNA and mRNA strand 
The hybridization of bioconjugate [7-20] with complementary GRP78 DNA, [7-21] and 
mRNA, [7-22] sense strands, afforded the duplexes F48H7PcZn-CTO:DNA, [7-20]:[7-21], and 
F48H7PcZn-CTO:mRNA, [7-20]:[7-22]. These hybrids, soluble in phosphate buffers, exhibited 
stable (Tm = 75 and 72 °C, respectively) temperature-dependent duplex to single-strand 
transitions (Figure 7.14). Taken together, these results unambiguously establish the ability of 
F48H7PcZn-CTO to target and bind to complementary GRP78 DNA and mRNA, affording 
thermally stable duplex structures, similar to the ones formed by the native controls DNA-DNA 
[7-23]:[7-21], DNA-RNA [7-23]:[7-22] hybrids (Figure 7.14). 
GRP78 mRNA 
F48H7PcZn-CTO 
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Figure 7.14 Thermal denaturation curves of PcDNA-DNA [7-20]:[7-21], PcDNA-RNA 
[7-20]:[7-22], DNA-DNA [7-23]:[7-21], DNA-RNA [7-23]:[7-22] hybrids 
 
In order to examine the influence of Pc [7-17] on oligonucleotide hybrid structure, the 
circular dichorism (CD) spectrum was collected (Figure 7.15). The CD spectrum of the duplex 
formed with the native DNA hybrid showed a CD signature consistent with the canonical B-type 
helix structure, with a characteristic broad maximum band in between 260 - 280 nm and a 
minimum one at 248 nm.
34
 Similarly, the control construct, formed with the DNA:RNA hybrid 
shows an AB-type helical structure, with characteristic maximum band at 265 nm and a broad 
minimum in between 250 – 230 nm.34 In comparison, the CD spectra of the PcDNA:DNA and 
PcDNA:RNA hybrids exhibit structures similar to the ones formed from the native controls. 
Taken together, this data validates the capabilities of the PcDNA bioconjugate, [7-20], to form 
stable duplex structures with complementary oligonucleotides for biological evaluation. 
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Figure 7.15 CD spectra of PcDNA-DNA [7-20]:[7-21], PcDNA-RNA [7-20]:[7-22], DNA-DNA 
[7-23]:[7-21], DNA-RNA [7-23]:[7-22] hybrid 
 
7.3.6 F48H7(COOH)PcZn-CTO:DNA/mRNA duplexes oxidative cleavage study 
Given the ability of F48H7(COOH)PcZn, [7-17], to generate and survive 
1
O2 production, 
the photoreactivity of F48H7PcZn-CTO, [7-20], hybridized with complementary GRP78 DNA 
and mRNA, i.e. [7-20]:[7-21] and [7-20]:[7-22], respectively, was explored. This reactivity is 
critically important for establishing the ability of bioconjugates to generate singlet oxygen and 
the capacity of the latter to oxidatively cleave the thermally stable oligonucleotides. Thus, 
illumination with a 300 W halogen light for 12 h in the presence of O2 followed by hot piperidine 
treatment induced site-specific cleavage along the oligonucleotide backbone at oxidized sites,
35
 
Figure 7.16. In contrast, no degradation occurred in the absence of light and/or O2, or using 
unlabeled controls (see also Figure 7.17). 
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Figure 7.16 24% PAGE for the photo-oxidation and piperidine cleavage pattern of (a) [7-20]:[7-
21] and (b) [7-20]:[7-22]. Lane 1: light, but no O2. Lane 2: no light, but with O2. Lanes 3-13, 
time points from 0-12 h. 
 
 
Figure 7.17 24% PAGE for the photo-oxidation and piperidine cleavage reactions. (a) [7-23]:[7-
21] and (b) [7-23]-[7-22]. Lane 1: light, but no O2. Lane 2: no light, but with O2. Lanes 3-12 or 
13, time points from 0-12 h. 
 
 
7.4 Conclusions 
The carboxy-derived functionalized fluoroalkyl phthalocyanine, F48H7(COOH)PcZn, is 
reported. The complex generates 
1
O2 affording long-lasting photooxidation of (S)-(–)-Citronellol 
without self-decomposition. Its coupling with a cancer-targeting oligonucleotide vector proved 
useful in directing GRP78 DNA and mRNA oncogene stable binding, but also cleavage upon 
aerobic illumination. The photoactive and chemically robust fluoroalkyl phthalocyanine-CTO 
bioconjugates encompass a new class of potential anticancer agents. This strategy could be 
extended to other functional fluorinated phthalocyanines-antisense oligonucleotide combinations 
for long lasting oncogene-targeting photodynamic therapy in tumor cells and in vivo. 
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APPENDIX A 
 
NMR SPECTRA 
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Figure A.1 
1
H NMR spectrum of NH2F3PN [2-6] (500 MHz, (CD3)2CO). 
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Figure A.2 
19
F NMR spectrum of NH2F3PN [2-6] (470 MHz, (CD3)2CO). 
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Figure A.3 
1
H NMR spectrum of NHMeF3PN [2-7] (500 MHz, (CD3)2CO). 
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Figure A.4 
19
F NMR spectrum of NHMeF3PN [2-7] (470 MHz, (CD3)2CO). 
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Figure A.5 
1
H NMR spectrum of NMe2F3PN [2-8] (500 MHz, (CD3)2CO). 
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Figure A.6 
19
F NMR spectrum of NMe2F3PN [2-8] (470 MHz, (CD3)2CO). 
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Figure A.7 
1
H NMR spectrum of (NHMe)2F2PN [2-9] (500 MHz, (CD3)2CO). 
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Figure A.8 
19
F NMR spectrum of (NHMe)2F2PN [2-9] (470 MHz, (CD3)2CO). 
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Figure A.9 
1
H NMR spectrum of (COOEt)2F3PN [2-10] (500 MHz, (CD3)2CO). 
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Figure A.10 
19
F NMR spectrum of (COOEt)2F3PN [2-10] (470 MHz, (CD3)2CO). 
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Figure A.11 
1
H NMR spectrum of (COOH)CH2F3PN [2-11] (500 MHz, (CD3)2CO). 
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Figure A.12 
19
F NMR spectrum of (COOH)CH2F3PN [2-11] (470 MHz, (CD3)2CO). 
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Figure A.13 
19
F NMR spectrum of F52aPcZn [3-2] (376 MHz, (CD3)2CO). 
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Figure A.14 
19
F NMR spectrum of F40PcZn [3-3] (376 MHz, (CD3)2CO). 
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Figure A.15 
1
H NMR spectrum of NH2F51PcZn [3-4] (400 MHz, (CD3OD + TFA). 
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Figure A.16 
19
F NMR spectrum of NH2F51PcZn [3-4] (376 MHz, (CD3)2CO). 
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Figure A.17 
1
H NMR spectrum of NHMeF51PcZn [3-5] (500 MHz, (CD3)2CO). 
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Figure A.18 
19
F NMR spectrum of NHMeF51PcZn [3-5] (376 MHz, (CD3)2CO). 
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Figure A.19 
1
H NMR spectrum of NMe2F51PcZn [3-6] (500 MHz, (CD3)2CO). 
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Figure A.20 
19
F NMR spectrum of NMe2F51PcZn [3-6] (376 MHz, (CD3)2CO). 
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Figure A.21 
19
F NMR spectrum of F52aPcCo [4-2] (376 MHz, (CD3)2CO). 
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Figure A.22 
19
F NMR spectrum of F40PcCo [4-3] (376 MHz, (CD3)2CO). 
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Figure A.23 
19
F NMR spectrum of NH2F51PcCo [4-4] (376 MHz, (CD3)2CO). 
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Figure A.24 
19
F NMR spectrum of NHMeF51PcCo [4-5] (376 MHz, (CD3)2CO). 
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Figure A.25 
19
F NMR spectrum of NMe2F51PcCo [4-6] (376 MHz, (CD3)2CO). 
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Figure A.26 
1
H NMR spectrum of F48H7(COOH)PcZn [7-17] (500 MHz, (CD3)2CO). 
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Figure A.27 
1
H NMR spectrum of F48H7(COOH)PcZn [7-17] (500 MHz, (CD3)2CO+TFA). 
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Figure A.28 
19
F NMR spectrum of F48H7(COOH)PcZn [7-17] (376 MHz, (CD3)2CO). 
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APPENDIX B 
 
IR SPECTRA 
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Figure B.1 IR (KBr) spectrum of NH2F3PN [2-6]. 
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Figure B.2 IR (KBr) spectrum of NHMeF3PN [2-7]. 
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Figure B.3 IR (KBr) spectrum of NMe2F3PN [2-8]. 
 
 
Figure B.4 IR (NaCl plate) spectrum of (NHMe)2F2PN [2-9]. 
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Figure B.5 IR (NaCl plate) spectrum of (COOEt)2F3PN [2-10]. 
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Figure B.6 IR (NaCl plate) spectrum of (COOH)CH2F3PN [2-11]. 
 
 
Figure B.7 IR (NaCl plate)  spectrum of F52aPcZn [3-2]. 
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Figure B.8 IR (NaCl plate) spectrum of F40PcZn [3-3]. 
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Figure B.9 IR (NaCl plate) spectrum of NH2F51PcZn [3-4]. 
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Figure B.10 IR (NaCl plate) spectrum of NHMeF51PcZn [3-5]. 
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Figure B.11 IR (KBr) spectrum of NMe2F51PcZn [3-6]. 
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Figure B.12 IR (KBr) spectrum of F52aPcCo [4-2]. 
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Figure B.13 IR (NaCl plate) spectrum of F40PcCo [4-3]. 
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Figure B.14 IR (KBr) spectrum of NH2F51PcCo [4-4]. 
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Figure B.15 IR (NaCl plate) spectrum of NHMeF51PcCo [4-5]. 
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Figure B.16 IR (NaCl plate) spectrum of NMe2F51PcCo [4-6]. 
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Figure B.17 IR (NaCl plate) spectrum of F48H7(COOH)PcZn [7-17]. 
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APPENDIX C 
 
MASS SPECTRA 
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Figure C.1 High resolution mass spectrum of NH2F3PN [2-6]. 
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Figure C.2 High resolution mass spectrum of NHMeF3PN [2-7]. 
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Figure C.3 High resolution mass spectrum of NMe2F3PN [2-8]. 
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Figure C.4 Mass spectrum of (NHMe)2F2PN [2-9]. 
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Figure C.5 High resolution mass spectrum of (COOEt)2F3PN [2-10]. 
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Figure C.6 High resolution mass spectrum of (COOH)CH2F3PN [2-11]. 
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Figure C.7 High resolution mass spectrum of F52aPcZn [3-2]. 
 
Figure C.8 High resolution mass spectrum of F40PcZn [3-3]. 
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Figure C.9 High resolution mass spectrum of NH2F51PcZn [3-4]. 
 
Figure C.10 High resolution mass spectrum of NHMeF51PcZn [3-5]. 
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Figure C.11 High resolution mass spectrum of NMe2F51PcZn [3-6]. 
 
 
Figure C.12 High resolution mass spectrum of F52aPcCo [4-2]. 
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Figure C.13 High resolution mass spectrum of F40PcCo [4-3]. 
 
 
Figure C.14 High resolution mass spectrum of NH2F51PcCo [4-4]. 
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Figure C.15 High resolution mass spectrum of NHMeF51PcCo [4-5]. 
 
Figure C.16 High resolution mass spectrum of NMe2F51PcCo [4-6]. 
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Figure C.17 Mass spectrum of AVS [5-10]. 
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Figure C.18 High resolution mass spectrum of F48H7(COOH)PcZn [7-17]. 
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APPENDIX D 
 
UV-Vis SPECTRA 
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Figure D.1 UV-Vis electronic absorption spectra of F52aPcZn [3-2] in ethanol, showing 
Lambert-Beer plot of the absorption maxima. 
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Figure D.2 UV-Vis electronic absorption spectra of F40PcZn [3-3] in ethanol, showing Lambert-
Beer plot of the absorption maxima. 
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Figure D.3 UV-Vis electronic absorption spectra of NH2F51PcZn [3-4] in ethanol, showing 
Lambert-Beer plot of the absorption maxima. 
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Figure D.4 UV-Vis electronic absorption spectra of NHMeF51PcZn [3-5] in ethanol, showing 
Lambert-Beer plot of the absorption maxima. 
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Figure D.5 UV-Vis electronic absorption spectra of NMe2F51PcZn [3-6] in ethanol, showing 
Lambert-Beer plot of the absorption maxima. 
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Figure D.6 UV-Vis electronic absorption spectra of F52aPcCo [4-2] in ethanol, showing 
Lambert-Beer plot of the absorption maxima. 
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Figure D.7 UV-Vis electronic absorption spectra of F40PcCo [4-3] in ethanol, showing Lambert-
Beer plot of the absorption maxima. 
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Figure D.8 UV-Vis electronic absorption spectra of NH2F51PcCo [4-4] in ethanol, showing 
Lambert-Beer plot of the absorption maxima. 
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Figure D.9 UV-Vis electronic absorption spectra of NHMeF51PcCo [4-5] in ethanol, showing 
Lambert-Beer plot of the absorption maxima. 
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Figure D.10 UV-Vis electronic absorption spectra of NMe2F51PcCo [4-6] in ethanol, showing 
Lambert-Beer plot of the absorption maxima. 
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Figure D.11 UV-Vis electronic absorption spectra of F48H7(COOH)PcZn [7-17] in ethanol, 
showing Lambert-Beer plot of the absorption maxima. 
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APPENDIX E 
CRYSTAL STRUCTURE PARAMETERS OF NH2F3PN [2-6] 
 
Tables E.1 to E.5 list the atomic coordinates and crystallographic parameters for NH2F3PN [2-6]. 
 
Table E.1 Crystal data and structure refinement for NH2F3PN [2-6] 
Empirical formula  C8H2F3N3 
Formula weight  197.13 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P21/m 
Unit cell dimensions a = 7.9830(2) Å α = 90° 
 b = 6.0642(2) Å β = 112.938(2)° 
 c = 8.8113(3) Å γ = 90° 
Volume 392.83(2) Å
3
 
Z 2 
Density (calculated) 1.667 g/cm
3
 
Absorption coefficient 1.392 mm
-1
 
F(000) 196 
Crystal size 0.39 x 0.25 x 0.14 mm
3
 
Theta range for data collection 5.45 to 67.13°. 
Index ranges -9<=h<=9, -6<=k<=7, -10<=l<=9 
Reflections collected 2525 
Independent reflections 745 [R(int) = 0.0314] 
Completeness to theta = 67.13° 96.4 %  
Max. and min. transmission 0.8269 and 0.6163 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 745 / 0 / 86 
Goodness-of-fit on F2 1.109 
Final R indices [I>2sigma(I)] R1 = 0.0361, wR2 = 0.1059 
R indices (all data) R1 = 0.0375, wR2 = 0.1081 
Extinction coefficient 0.005(2) 
Largest diff. peak and hole 0.341 and -0.251 e.Å
-3
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Table E.2 Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å
2 
x 
10
3
) for NH2F3PN [2-6]
*
 
______________________________________________________________________________ 
                                            x                     y                       z                      U(eq) 
F(1) -1604(2) 7500 3195(1) 27(1) 
F(2) 5639(1) 7500 4603(1) 20(1) 
C(4) 3281(2) 7500 5559(2) 17(1) 
C(2) 2646(2) 7500 2599(2) 17(1) 
C(1) 745(2) 7500 2210(2) 19(1) 
C(5) 1394(2) 7500 5123(2) 19(1) 
C(7) 3306(2) 7500 1298(2) 20(1) 
C(3) 3832(2) 7500 4223(2) 17(1) 
C(6) 176(2) 7500 3510(2) 20(1) 
N(1) 3777(2) 7500 230(2) 27(1) 
C(8) -528(2) 7500 537(2) 20(1) 
N(2) -1514(2) 7500 -821(2) 25(1) 
F(3) 776(1) 7500 6340(1) 25(1) 
N(3) 4485(2) 7500 7125(2) 22(1) 
* U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table E.3 Bond lengths (Å) and angles (°) for NH2F3PN [2-6] 
F(1)-C(6)  1.338(2) 
F(2)-C(3)  1.347(2) 
C(4)-N(3)  1.339(2) 
C(4)-C(5)  1.402(3) 
C(4)-C(3)  1.408(3) 
C(2)-C(3)  1.374(3) 
C(2)-C(1)  1.419(2) 
C(2)-C(7)  1.436(3) 
C(1)-C(6)  1.387(3) 
C(1)-C(8)  1.427(3) 
C(5)-F(3)  1.344(2) 
C(5)-C(6)  1.374(3) 
C(7)-N(1)  1.141(2) 
C(8)-N(2)  1.148(2) 
 
N(3)-C(4)-C(5) 123.03(17) 
N(3)-C(4)-C(3) 121.92(16) 
C(5)-C(4)-C(3) 115.05(17) 
C(3)-C(2)-C(1) 119.31(17) 
C(3)-C(2)-C(7) 120.82(16) 
C(1)-C(2)-C(7) 119.86(17) 
C(6)-C(1)-C(2) 117.67(17) 
C(6)-C(1)-C(8) 121.47(17) 
C(2)-C(1)-C(8) 120.87(17) 
F(3)-C(5)-C(6) 119.55(15) 
F(3)-C(5)-C(4) 118.11(17) 
C(6)-C(5)-C(4) 122.34(17) 
N(1)-C(7)-C(2) 177.9(2) 
F(2)-C(3)-C(2) 119.70(15) 
F(2)-C(3)-C(4) 116.43(15) 
C(2)-C(3)-C(4) 123.87(17) 
F(1)-C(6)-C(5) 118.72(16) 
F(1)-C(6)-C(1) 119.52(17) 
C(5)-C(6)-C(1) 121.76(17) 
N(2)-C(8)-C(1) 178.2(2)                                                                                          
Symmetry transformations used to generate equivalent atoms  
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Table E.4 Anisotropic displacement parameters (Å
2
x 10
3
) for NH2F3PN [2-6]
*
 
______________________________________________________________________________ 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
F(1) 17(1)  35(1) 30(1)  0 10(1)  0 
F(2) 16(1)  25(1) 19(1)  0 7(1)  0 
C(4) 21(1)  14(1) 17(1)  0 7(1)  0 
C(2) 21(1)  14(1) 17(1)  0 8(1)  0 
C(1) 20(1)  16(1) 18(1)  0 5(1)  0 
C(5) 24(1)  18(1) 20(1)  0 13(1)  0 
C(7) 21(1)  18(1) 17(1)  0 5(1)  0 
C(3) 16(1)  16(1) 18(1)  0 7(1)  0 
C(6) 16(1)  18(1) 25(1)  0 8(1)  0 
N(1) 34(1)  32(1) 19(1)  0 14(1)  0 
C(8) 21(1)  16(1) 23(1)  0 8(1)  0 
N(2) 24(1)  23(1) 22(1)  0 2(1)  0 
F(3) 28(1)  31(1) 23(1)  0 16(1)  0 
N(3) 22(1)  29(1) 14(1)  0 7(1)  0 
* The anisotropic displacement factor exponent takes the form: -2π
2
[ h
2
a
*2
U
11
 + ... + 2 h k a* b* 
U
12
]. 
 
Table E.5 Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2 
x 10
3
) for 
NH2F3PN [2-6]
*
   
______________________________________________________________________________
 x  y  z  U(eq) 
H(3A) 4102 7500 7936 26 
H(3B) 5658 7500 7342 26 
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APPENDIX F 
CRYSTAL STRUCTURE PARAMETERS OF NHMeF3PN [2-7] 
 
Tables F.1 to F.5 list the atomic coordinates and crystallographic parameters for NHMeF3PN [2-
7]. 
 
Table F.1 Crystal data and structure refinement for NHMeF3PN [2-7] 
Empirical formula  C9H4F3N3 
Formula weight  211.15 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  Pca2(1) 
Unit cell dimensions a = 18.4819(3) Å α = 90° 
 b = 6.2458(1) Å β = 90° 
 c = 7.3387(1) Å γ = 90° 
Volume 847.14(2) Å
3
 
Z 4 
Density (calculated) 1.656 g/cm
3
 
Absorption coefficient 1.334 mm
-1
 
F(000) 424 
Crystal size 0.39 x 0.27 x 0.14 mm
3
 
Theta range for data collection 4.79 to 70.32°. 
Index ranges -22<=h<=21, -7<=k<=7, -8<=l<=8 
Reflections collected 6936 
Independent reflections 1437 [R(int) = 0.0343] 
Completeness to theta = 70.32° 95.6 %  
Max. and min. transmission 0.8384 and 0.6250 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 1437 / 1 / 138 
Goodness-of-fit on F
2
 1.050 
Final R indices [I>2sigma(I)] R1 = 0.0255, wR2 = 0.0690 
R indices (all data) R1 = 0.0258, wR2 = 0.0693 
Absolute structure parameter 0.12(12) 
Extinction coefficient 0.0002(3) 
Largest diff. peak and hole 0.187 and -0.129 e.Å
-3
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Table F.2 Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å
2 
x 
10
3
) for NHMeF3PN [2-7]
*
 
 x y z U(eq) 
C(1) 5962(1) 2879(2) -239(2) 19(1) 
C(2) 6695(1) 3324(2) -303(2) 19(1) 
C(3) 7230(1) 1919(2) 349(2) 19(1) 
C(5) 6231(1) -467(2) 1183(2) 21(1) 
C(6) 5714(1) 941(2) 522(2) 20(1) 
C(4) 6955(1) 7(2) 1098(2) 21(1) 
F(1) 6895(1) 5217(1) -1021(2) 24(1) 
F(2) 6026(1) -2315(1) 1931(2) 27(1) 
F(3) 7436(1) -1395(1) 1774(2) 26(1) 
N(1) 7950(1) 2268(2) 329(2) 24(1) 
N(2) 4352(1) 71(2) 774(3) 31(1) 
N(3) 5088(1) 5641(2) -1660(2) 29(1) 
C(9) 8323(1) 4189(3) -323(3) 25(1) 
C(8) 5470(1) 4406(2) -1002(2) 21(1) 
C(7) 4959(1) 456(2) 651(3) 23(1) 
* U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
348 
 
Table F.3 Bond lengths (Å) and angles (°) for NHMeF3PN [2-7] 
_____________________________________________________________________________
C(1)-C(2)  1.384(2) 
C(1)-C(6)  1.410(2) 
C(1)-C(8)  1.432(2) 
C(2)-F(1)  1.3466(17) 
C(2)-C(3)  1.406(2) 
C(3)-N(1)  1.3490(19) 
C(3)-C(4)  1.409(2) 
C(5)-F(2)  1.3333(19) 
C(5)-C(4)  1.372(2) 
C(5)-C(6)  1.386(2) 
C(6)-C(7)  1.432(2) 
C(4)-F(3)  1.3426(18) 
N(1)-C(9)  1.464(2) 
N(2)-C(7)  1.151(2) 
N(3)-C(8)  1.152(2) 
 
C(2)-C(1)-C(6) 120.25(14) 
C(2)-C(1)-C(8) 118.36(14) 
C(6)-C(1)-C(8) 121.38(13) 
F(1)-C(2)-C(1) 117.32(13) 
F(1)-C(2)-C(3) 119.21(13) 
C(1)-C(2)-C(3) 123.47(14) 
N(1)-C(3)-C(2) 126.12(15) 
N(1)-C(3)-C(4) 119.75(14) 
C(2)-C(3)-C(4) 114.13(13) 
F(2)-C(5)-C(4) 118.89(14) 
F(2)-C(5)-C(6) 119.81(14) 
C(4)-C(5)-C(6) 121.30(15) 
C(5)-C(6)-C(1) 117.36(14) 
C(5)-C(6)-C(7) 120.99(15) 
C(1)-C(6)-C(7) 121.63(14) 
F(3)-C(4)-C(5) 119.21(14) 
F(3)-C(4)-C(3) 117.30(13) 
C(5)-C(4)-C(3) 123.48(14) 
C(3)-N(1)-C(9) 126.89(14) 
N(3)-C(8)-C(1) 177.90(18) 
N(2)-C(7)-C(6) 179.20(2)  
Symmetry transformations used to generate equivalent atoms.  
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Table F.4 Anisotropic displacement parameters (Å
2 
x 10
3
) for NHMeF3PN [2-7]
*
 
______________________________________________________________________________ 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
C(1) 19(1)  19(1) 18(1)  -2(1) -1(1)  1(1) 
C(2) 22(1)  17(1) 18(1)  0(1) 1(1)  -2(1) 
C(3) 19(1)  21(1) 18(1)  -4(1) 1(1)  1(1) 
C(5) 25(1)  16(1) 20(1)  -2(1) 1(1)  0(1) 
C(6) 18(1)  22(1) 20(1)  -3(1) 1(1)  -1(1) 
C(4) 22(1)  20(1) 20(1)  -4(1) -2(1)  5(1) 
F(1) 22(1)  20(1) 28(1)  5(1) 2(1)  -3(1) 
F(2) 28(1)  19(1) 34(1)  4(1) 1(1)  -2(1) 
F(3) 24(1)  22(1) 34(1)  3(1) -3(1)  6(1) 
N(1) 16(1)  24(1) 32(1)  0(1) -1(1)  2(1) 
N(2) 21(1)  31(1) 41(1)  0(1) 1(1)  -5(1) 
N(3) 24(1)  28(1) 36(1)  6(1) -1(1)  1(1) 
C(9) 19(1)  28(1) 30(1)  -2(1) 2(1)  -3(1) 
C(8) 18(1)  22(1) 24(1)  -1(1) 1(1)  -2(1) 
C(7) 24(1)  20(1) 24(1)  0(1) 1(1)  1(1) 
* The anisotropic displacement factor exponent takes the form: -2π
2
[ h
2
a*
2
U
11
 + ... + 2 h k a* b* 
U
12
]. 
 
Table F.5 Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2 
x 10
3
) for 
NHMeF3PN [2-7] 
 
                                           x                       y                      z                    U(eq) 
H(1) 8225 1232 754 29 
H(11A) 8202 4430 -1607 38 
H(11B) 8847 3996 -198 38 
H(11C) 8169 5427 400 38 
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APPENDIX G 
CRYSTAL STRUCTURE PARAMETERS OF NMe2F3PN [2-8] 
 
Tables G.1 to G.5 list the atomic coordinates and crystallographic parameters for NMe2F3PN [2-
8]. 
 
Table G.1 Crystal data and structure refinement for NMe2F3PN [2-8] 
Empirical formula  C10H6F3N3 
Formula weight  225.18 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 20.591(5) Å α = 90° 
 b = 8.1889(16) Å β = 104.51(1)° 
 c = 11.748(3) Å γ = 90° 
Volume 1917.7(7) Å
3
 
Z 8 
Density (calculated) 1.560 g/cm
3
 
Absorption coefficient 1.216 mm
-1
 
F(000) 912 
Crystal size 0.36 x 0.26 x 0.22 mm
3
 
Theta range for data collection 4.44 to 71.07°. 
Index ranges -24<=h<=23, -9<=k<=9, -13<=l<=14 
Reflections collected 6028 
Independent reflections 1570 [R(int) = 0.0653] 
Completeness to theta = 71.07° 84.5 %  
Max. and min. transmission 0.7757 and 0.6685 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 1570 / 0 / 148 
Goodness-of-fit on F
2
 1.060 
Final R indices [I>2sigma(I)] R1 = 0.0521, wR2 = 0.1418 
R indices (all data) R1 = 0.0575, wR2 = 0.1496 
Extinction coefficient 0.0017(3) 
Largest diff. peak and hole 0.320 and -0.326 e.Å
-3
 
[No absorption correction] 
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Table G.2 Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å
2 
x 
10
3
) for NMe2F3PN [2-8]
* 
______________________________________________________________________________ 
 x y z U(eq) 
C(6) 7326(1) 354(2) 4368(2) 16(1) 
C(1) 7448(1) 1559(2) 3592(2) 15(1) 
C(5) 7879(1) -247(2) 5188(2) 17(1) 
C(2) 8092(1) 2110(2) 3683(2) 15(1) 
C(4) 8519(1) 273(2) 5235(2) 17(1) 
C(3) 8667(1) 1498(2) 4502(2) 16(1) 
C(8) 6899(1) 2316(2) 2749(2) 18(1) 
C(7) 6660(1) -172(2) 4356(2) 18(1) 
C(9) 9490(1) 2804(3) 3586(2) 26(1) 
C(10) 9811(1) 2104(3) 5700(2) 25(1) 
N(3) 9300(1) 2033(2) 4572(2) 19(1) 
N(2) 6461(1) 2940(2) 2100(2) 27(1) 
F(1) 8161(1) 3380(1) 2995(1) 19(1) 
F(3) 7794(1) -1392(1) 5953(1) 23(1) 
F(2) 9024(1) -469(1) 6015(1) 24(1) 
N(1) 6125(1) -552(2) 4353(2) 28(1) 
* U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table G.3 Bond lengths (Å) and angles (°) for NMe2F3PN [2-8] 
______________________________________________________________________________ 
C(6)-C(5)  1.385(3) 
C(6)-C(1)  1.407(3) 
C(6)-C(7)  1.434(3) 
C(1)-C(2)  1.379(3) 
C(1)-C(8)  1.443(3) 
C(5)-F(3)  1.340(2) 
C(5)-C(4)  1.374(3) 
C(2)-F(1)  1.346(2) 
C(2)-C(3)  1.417(3) 
C(4)-F(2)  1.345(2) 
C(4)-C(3)  1.404(3) 
C(3)-N(3)  1.359(3) 
C(8)-N(2)  1.145(3) 
C(7)-N(1)  1.144(3) 
C(9)-N(3)  1.455(3) 
C(10)-N(3)  1.472(2) 
 
C(5)-C(6)-C(1) 116.82(17) 
C(5)-C(6)-C(7) 121.15(18) 
C(1)-C(6)-C(7) 121.95(16) 
C(2)-C(1)-C(6) 120.22(17) 
C(2)-C(1)-C(8) 119.00(17) 
C(6)-C(1)-C(8) 120.64(17) 
F(3)-C(5)-C(4) 118.38(17) 
F(3)-C(5)-C(6) 119.53(17) 
C(4)-C(5)-C(6) 122.08(19) 
F(1)-C(2)-C(1) 116.79(16) 
F(1)-C(2)-C(3) 119.01(16) 
C(1)-C(2)-C(3) 124.04(18) 
F(2)-C(4)-C(5) 117.20(17) 
F(2)-C(4)-C(3) 119.45(16) 
C(5)-C(4)-C(3) 123.34(17) 
N(3)-C(3)-C(4) 123.01(17) 
N(3)-C(3)-C(2) 123.57(19) 
C(4)-C(3)-C(2) 113.42(17) 
N(2)-C(8)-C(1) 178.3(2) 
N(1)-C(7)-C(6) 178.3(2) 
C(3)-N(3)-C(9) 122.44(16) 
C(3)-N(3)-C(10) 121.73(18) 
C(9)-N(3)-C(10) 115.16(16) 
Symmetry transformations used to generate equivalent atoms.
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Table G.4 Anisotropic displacement parameters (Å
2
 x 10
3
) for NMe2F3PN [2-8]
* 
______________________________________________________________________________ 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
C(6) 10(1)  17(1) 20(1)  -3(1) 2(1)  1(1) 
C(1) 9(1)  17(1) 17(1)  -3(1) -1(1)  1(1) 
C(5) 18(1)  16(1) 16(1)  0(1) 4(1)  0(1) 
C(2) 15(1)  15(1) 16(1)  0(1) 3(1)  1(1) 
C(4) 10(1)  19(1) 18(1)  0(1) -3(1)  6(1) 
C(3) 10(1)  17(1) 20(1)  -6(1) 2(1)  1(1) 
C(8) 11(1)  22(1) 20(1)  0(1) 2(1)  -1(1) 
C(7) 17(1)  17(1) 20(1)  -4(1) 4(1)  0(1) 
C(9) 13(1)  33(1) 32(1)  0(1) 7(1)  -4(1) 
C(10) 12(1)  27(1) 28(1)  -2(1) -7(1)  -1(1) 
N(3) 8(1)  23(1) 23(1)  -2(1) -1(1)  -1(1) 
N(2) 16(1)  33(1) 26(1)  4(1) -3(1)  2(1) 
F(1) 14(1)  20(1) 22(1)  5(1) 1(1)  -2(1) 
F(3) 22(1)  21(1) 24(1)  6(1) 5(1)  0(1) 
F(2) 14(1)  26(1) 29(1)  8(1) -4(1)  6(1) 
N(1) 17(1)  27(1) 40(1)  -4(1) 9(1)  -3(1) 
* The anisotropic displacement factor exponent takes the form: -2π
2
[ h
2
a*
2
U
11
 + ... + 2 h k a* b* 
U
12
] 
 
Table G.5 Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2 
x 10
3
) for 
NMe2F3PN [2-8] 
______________________________________________________________________________ 
                                            x                      y                     z                     U(eq) 
H(9A) 9417 3985 3609 38 
H(9B) 9215 2360 2847 38 
H(9C) 9964 2588 3639 38 
H(10A) 10103 1145 5774 37 
H(10B) 9590 2118 6348 37 
H(10C) 10080 3097 5727 37 
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APPENDIX H 
 
CRYSTAL STRUCTURE PARAMETERS OF (NHMe)2F2PN [2-9] 
 
Tables H.1 to H.5 list the atomic coordinates and crystallographic parameters for (NHMe)2F2PN 
[2-9]. 
 
Table H.1 Crystal data and structure refinement for (NHMe)2F2PN [2-9] 
Empirical formula  C10H8F2N4 
Formula weight  222.20 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 7.1105(5) Å α = 90° 
 b = 12.0599(6) Å β = 98.163(4)° 
 c = 11.8376(6) Å γ = 90° 
Volume 1004.8(1) Å
3
 
Z 4 
Density (calculated) 1.469 g/cm
3
 
Absorption coefficient 1.032 mm
-1
 
F(000) 456 
Crystal size 0.18 x 0.14 x 0.03 mm
3
 
Theta range for data collection 5.26 to 71.81°. 
Index ranges -8<=h<=7, -13<=k<=14, -13<=l<=14 
Reflections collected 7003 
Independent reflections 1653 [R(int) = 0.0605] 
Completeness to theta = 71.81° 84.1 %  
Max. and min. transmission 0.9697 and 0.8360 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 1653 / 0 / 148 
Goodness-of-fit on F
2
 1.004 
Final R indices [I>2sigma(I)] R1 = 0.0633, wR2 = 0.1187 
R indices (all data) R1 = 0.0989, wR2 = 0.1407 
Extinction coefficient 0.00034(18) 
Largest diff. peak and hole 0.258 and -0.266 e.Å
-3
 
355 
 
Table H.2 Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å
2 
x 
10
3
) for (NHMe)2F2PN [2-9]
*
 
 x y z U(eq) 
C(1) 3132(4) -610(3) 608(3) 18(1) 
C(2) 2131(4) -577(3) -531(3) 18(1) 
C(3) 1483(4) 396(3) -1017(3) 22(1) 
C(4) 1726(4) 1432(3) -450(3) 21(1) 
C(5) 2719(4) 1362(3) 648(3) 21(1) 
C(6) 3422(4) 390(3) 1209(3) 21(1) 
C(7) 3817(4) -1669(3) 1012(3) 21(1) 
C(8) 1767(4) -1581(3) -1182(3) 22(1) 
C(9) 1129(5) 3484(3) -576(3) 32(1) 
C(10) 4993(5) -381(3) 3072(3) 28(1) 
F(1) 527(2) 403(2) -2096(2) 26(1) 
F(2) 3031(3) 2315(2) 1263(2) 27(1) 
N(1) 4339(4) -2553(2) 1258(2) 27(1) 
N(2) 1440(4) -2383(2) -1689(3) 29(1) 
N(3) 960(4) 2348(2) -994(2) 26(1) 
N(4) 4339(4) 504(2) 2293(2) 25(1) 
* U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table H.3 Bond lengths (Å) and angles (°) for (NHMe)2F2PN [2-9] 
______________________________________________________________________________ 
C(1)-C(6)  1.400(4) 
C(1)-C(7)  1.426(5) 
C(1)-C(2)  1.433(4) 
C(2)-C(3)  1.358(4) 
C(2)-C(8)  1.439(5) 
C(3)-F(1)  1.359(4) 
C(3)-C(4)  1.416(5) 
C(4)-N(3)  1.354(4) 
C(4)-C(5)  1.392(5) 
C(5)-F(2)  1.361(3) 
C(5)-C(6)  1.403(4) 
C(6)-N(4)  1.362(4) 
C(7)-N(1)  1.152(4) 
C(8)-N(2)  1.145(4) 
C(9)-N(3)  1.455(4) 
C(10)-N(4)  1.444(4) 
 
C(6)-C(1)-C(7) 125.6(3) 
C(6)-C(1)-C(2) 118.1(3) 
C(7)-C(1)-C(2) 116.2(3) 
C(3)-C(2)-C(1) 121.0(3) 
C(3)-C(2)-C(8) 118.4(3) 
C(1)-C(2)-C(8) 120.5(3) 
C(2)-C(3)-F(1) 119.8(3) 
C(2)-C(3)-C(4) 123.4(3) 
F(1)-C(3)-C(4) 116.8(3) 
N(3)-C(4)-C(5) 127.6(3) 
N(3)-C(4)-C(3) 118.8(3) 
C(5)-C(4)-C(3) 113.6(3) 
F(2)-C(5)-C(4) 118.1(3) 
F(2)-C(5)-C(6) 115.6(3) 
C(4)-C(5)-C(6) 126.3(3) 
N(4)-C(6)-C(1) 125.6(3) 
N(4)-C(6)-C(5) 116.9(3) 
C(1)-C(6)-C(5) 117.5(3) 
N(1)-C(7)-C(1) 175.0(4) 
N(2)-C(8)-C(2) 178.4(3) 
C(4)-N(3)-C(9) 126.8(3) 
C(6)-N(4)-C(10) 126.5(3) 
Symmetry transformations used to generate equivalent atoms. 
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Table H.4 Anisotropic displacement parameters (Å
2
x 10
3
) for (NHMe)2F2PN [2-9]
* 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
C(1) 17(2)  21(2) 17(2)  1(1) 1(1)  -1(1) 
C(2) 18(2)  21(2) 17(2)  0(1) 4(1)  -1(1) 
C(3) 18(2)  26(2) 22(2)  0(2) 4(1)  0(1) 
C(4) 17(2)  22(2) 24(2)  0(2) 5(1)  -1(1) 
C(5) 22(2)  20(2) 20(2)  -7(1) 1(1)  -4(1) 
C(6) 17(2)  23(2) 22(2)  0(2) 5(2)  -2(1) 
C(7) 18(2)  26(2) 20(2)  -3(2) 2(1)  -2(1) 
C(8) 21(2)  24(2) 19(2)  1(2) -1(1)  1(1) 
C(9) 43(2)  20(2) 31(2)  2(2) -1(2)  2(2) 
C(10) 38(2)  25(2) 18(2)  2(2) -4(2)  -4(2) 
F(1) 30(1)  31(1) 14(1)  0(1) -7(1)  0(1) 
F(2) 34(1)  19(1) 24(1)  -4(1) -5(1)  0(1) 
N(1) 32(2)  25(2) 24(2)  0(1) -1(1)  3(1) 
N(2) 29(2)  26(2) 32(2)  -3(2) 2(1)  2(1) 
N(3) 29(2)  21(2) 26(2)  1(1) -6(1)  2(1) 
N(4) 31(2)  20(2) 22(2)  -1(1) -3(1)  -1(1) 
* The anisotropic displacement factor exponent takes the form: -2π
2
[ h
2
a*
2
U
11
 + ... + 2 h k a
*
 b
*
 
U
12
] 
 
Table H.5 Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2 
x 10
3
) for 
(NHMe)2F2PN [2-9] 
                                           x                      y                      z                     U(eq) 
H(9A) 552 3545 125 48 
H(9B) 475 3984 -1156 48 
H(9C) 2475 3688 -417 48 
H(10A) 3938 -888 3141 42 
H(10B) 5470 -69 3822 42 
H(10C) 6016 -788 2780 42 
H(3) 289 2247 -1670 31 
H(4) 4555 1186 2544 30 
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APPENDIX I 
 
CRYSTAL STRUCTURE PARAMETERS OF (COOEt)2F3PN [2-10] 
 
Tables I.1 to I.5 list the atomic coordinates and crystallographic parameters for (COOEt)2F3PN 
[2-10]. 
 
Table I.1 Crystal data and structure refinement for (COOEt)2F3PN [2-10] 
Empirical formula  C15H11F3N2O4 
Formula weight  340.26 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 33.437(1) Å α = 90° 
 b = 5.5510(2) Å β = 126.805(1)° 
 c = 20.1987(7) Å γ = 90° 
Volume 3001.77(18) Å
3
 
Z 8 
Density (calculated) 1.506 g/cm
3
 
Absorption coefficient 1.176 mm
-1
 
F(000) 1392 
Crystal size 0.20 x 0.25 x 0.18 mm
3
 
Theta range for data collection 3.30 to 71.77° 
Index ranges -41<=h<=39, -6<=k<=5, -23<=l<=23 
Reflections collected 12833 
Independent reflections 2686 [R(int) = 0.0233] 
Completeness to theta = 71.77° 91.7 %  
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 2686 / 0 / 220 
Goodness-of-fit on F2 1.086 
Final R indices [I>2sigma(I)] R1 = 0.0293, wR2 = 0.0715 
R indices (all data) R1 = 0.0326, wR2 = 0.0729 
Extinction coefficient 0.00066(5) 
Largest diff. peak and hole 0.261 and -0.223 e.Å
-3
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Table I.2 Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å
2
 x 
10
3
) for (COOEt)2F3PN [2-10]
*
 
 x y z U(eq) 
C(1) 10671(1) 3185(2) 1644(1) 16(1) 
C(2) 10168(1) 3704(2) 1088(1) 16(1) 
C(3) 9791(1) 2222(2) 953(1) 16(1) 
C(4) 9948(1) 147(2) 1431(1) 16(1) 
C(5) 10448(1) -395(2) 2013(1) 16(1) 
C(6) 10816(1) 1090(2) 2128(1) 16(1) 
C(7) 11035(1) 4752(2) 1711(1) 18(1) 
C(8) 11336(1) 539(2) 2739(1) 18(1) 
C(9) 9249(1) 2846(2) 321(1) 17(1) 
C(10) 8964(1) 776(2) -300(1) 18(1) 
C(11) 9006(1) 3617(2) 734(1) 17(1) 
C(12) 8408(1) 6267(3) 611(1) 23(1) 
C(13) 7944(1) 4786(3) 233(1) 28(1) 
C(14) 8156(1) -748(3) -1329(1) 22(1) 
C(15) 7632(1) -290(3) -1615(1) 32(1) 
F(1) 10042(1) 5771(1) 661(1) 19(1) 
F(2) 10571(1) -2416(1) 2458(1) 20(1) 
F(3) 9614(1) -1425(1) 1330(1) 21(1) 
N(1) 11323(1) 5996(2) 1751(1) 25(1) 
N(2) 11752(1) 140(2) 3222(1) 27(1) 
O(1) 9160(1) -641(2) -471(1) 23(1) 
O(2) 9097(1) 2704(2) 1349(1) 26(1) 
O(3) 8482(1) 875(2) -631(1) 19(1) 
O(4) 8693(1) 5434(2) 320(1) 19(1) 
* U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table I.3 Bond lengths (Å) and angles (°) for (COOEt)2F3PN [2-10] 
______________________________________________________________________________ 
C(1)-C(2)  1.3817(18) 
C(1)-C(6)  1.4054(18) 
C(1)-C(7)  1.4340(17) 
C(2)-F(1)  1.3419(14) 
C(2)-C(3)  1.3890(18) 
C(3)-C(4)  1.3875(18) 
C(3)-C(9)  1.5055(17) 
C(4)-F(3)  1.3344(14) 
C(4)-C(5)  1.3823(18) 
C(5)-F(2)  1.3380(14) 
C(5)-C(6)  1.3813(18) 
C(6)-C(8)  1.4388(18) 
C(7)-N(1)  1.1482(17) 
C(8)-N(2)  1.1444(18) 
C(9)-C(11)  1.5337(17) 
C(9)-C(10)  1.5387(18) 
C(10)-O(1)  1.2001(15) 
C(10)-O(3)  1.3255(15) 
C(11)-O(2)  1.1989(16) 
C(11)-O(4)  1.3283(15) 
C(12)-O(4)  1.4622(14) 
C(12)-C(13)  1.4997(19) 
C(14)-O(3)  1.4653(16) 
C(14)-C(15)  1.5006(19)
 
C(2)-C(1)-C(6) 118.87(11) 
C(2)-C(1)-C(7) 120.02(11) 
C(6)-C(1)-C(7) 121.11(11) 
F(1)-C(2)-C(1) 117.54(11) 
F(1)-C(2)-C(3) 118.72(11) 
C(1)-C(2)-C(3) 123.74(11) 
C(4)-C(3)-C(2) 115.74(11) 
C(4)-C(3)-C(9) 122.86(11) 
C(2)-C(3)-C(9) 121.40(11) 
F(3)-C(4)-C(5) 117.52(11) 
F(3)-C(4)-C(3) 120.22(11) 
C(5)-C(4)-C(3) 122.25(11) 
F(2)-C(5)-C(6) 120.11(11) 
F(2)-C(5)-C(4) 118.94(11) 
C(6)-C(5)-C(4) 120.93(11) 
C(5)-C(6)-C(1) 118.41(11) 
C(5)-C(6)-C(8) 121.02(11) 
C(1)-C(6)-C(8) 120.55(11) 
N(1)-C(7)-C(1) 178.79(13) 
N(2)-C(8)-C(6) 178.77(15) 
C(3)-C(9)-C(11) 111.38(10) 
C(3)-C(9)-C(10) 111.24(10) 
C(11)-C(9)-C(10) 112.35(10) 
O(1)-C(10)-O(3) 126.19(12) 
O(1)-C(10)-C(9) 123.10(11) 
O(3)-C(10)-C(9) 110.64(10) 
O(2)-C(11)-O(4) 126.04(11) 
O(2)-C(11)-C(9) 123.89(11) 
O(4)-C(11)-C(9) 110.06(10) 
O(4)-C(12)-C(13) 110.29(11) 
O(3)-C(14)-C(15) 106.81(11) 
C(10)-O(3)-C(14) 115.98(10) 
C(11)-O(4)-C(12) 116.33(10)
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Symmetry transformations used to generate equivalent atoms. 
 
Table I.4 Anisotropic displacement parameters (Å
2 
x 10
3
) for (COOEt)2F3PN [2-10]
*
  
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
C(1) 18(1)  16(1) 16(1)  -4(1) 11(1)  -1(1) 
C(2) 21(1)  14(1) 14(1)  -1(1) 12(1)  1(1) 
C(3) 17(1)  20(1) 14(1)  -3(1) 10(1)  1(1) 
C(4) 17(1)  18(1) 17(1)  -4(1) 12(1)  -4(1) 
C(5) 21(1)  14(1) 14(1)  0(1) 12(1)  1(1) 
C(6) 16(1)  18(1) 13(1)  -3(1) 9(1)  0(1) 
C(7) 19(1)  18(1) 16(1)  -1(1) 10(1)  1(1) 
C(8) 20(1)  19(1) 18(1)  -2(1) 12(1)  -1(1) 
C(9) 15(1)  20(1) 15(1)  1(1) 9(1)  1(1) 
C(10) 17(1)  23(1) 13(1)  2(1) 9(1)  2(1) 
C(11) 13(1)  21(1) 16(1)  -2(1) 7(1)  0(1) 
C(12) 21(1)  26(1) 24(1)  -3(1) 15(1)  5(1) 
C(13) 21(1)  36(1) 31(1)  2(1) 16(1)  3(1) 
C(14) 19(1)  26(1) 18(1)  -5(1) 9(1)  -4(1) 
C(15) 20(1)  46(1) 27(1)  -7(1) 12(1)  -6(1) 
F(1) 22(1)  16(1) 20(1)  3(1) 13(1)  2(1) 
F(2) 22(1)  18(1) 20(1)  5(1) 12(1)  2(1) 
F(3) 18(1)  21(1) 24(1)  0(1) 13(1)  -4(1) 
N(1) 25(1)  25(1) 27(1)  -2(1) 17(1)  -4(1) 
N(2) 20(1)  32(1) 24(1)  -1(1) 10(1)  2(1) 
O(1) 20(1)  29(1) 21(1)  -6(1) 12(1)  2(1) 
O(2) 28(1)  36(1) 20(1)  7(1) 17(1)  10(1) 
O(3) 14(1)  25(1) 17(1)  -4(1) 9(1)  -1(1) 
O(4) 17(1)  19(1) 21(1)  -1(1) 12(1)  2(1) 
* The anisotropic displacement factor exponent takes the form: -2π
2
[ h
2
a*
2
U
11
 + ... + 2 h k a
*
 b
*
 
U
12
] 
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Table I.5 Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2 
x 10
3
) for 
(COOEt)2F3PN [2-10] 
                                           x                      y                       z                   U(eq) 
H(9) 9235 4264 2 20 
H(12A) 8317 7981 461 27 
H(12B) 8617 6135 1221 27 
H(13A) 7741 4891 -371 42 
H(13B) 7751 5397 418 42 
H(13C) 8035 3102 405 42 
H(14A) 8250 -2447 -1154 27 
H(14B) 8184 -420 -1781 27 
H(15A) 7605 -709 -1173 48 
H(15B) 7399 -1278 -2104 48 
H(15C) 7551 1417 -1757 48 
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APPENDIX J 
 
CRYSTAL STRUCTURE PARAMETERS OF (COOH)CH2F3PN [2-11] 
 
Tables J.1 to J.5 list the atomic coordinates and crystallographic parameters for (COOH)CH2F3-
PN [2-11]. 
 
Table J.1 Crystal data and structure refinement for (COOH)CH2F3PN [2-11] 
Empirical formula  C17H11F3N2O2 
Formula weight  332.28 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 7.0666(5) Å α = 88.082(4)°. 
 b = 14.6582(9) Å β = 82.041(4)°. 
 c = 15.6391(9) Å γ = 79.269(4)°. 
Volume 1576.24(17) Å3 
Z 4 
Density (calculated) 1.400 g/cm
3
 
Absorption coefficient 1.011 mm
-1
 
F(000) 680 
Crystal size 0.16 x 0.15 x 0.12 mm
3
 
Theta range for data collection 2.85 to 53.41°. 
Index ranges -6<=h<=7, -15<=k<=14, -16<=l<=16 
Reflections collected 9203 
Independent reflections 3306 [R(int) = 0.0343] 
Completeness to theta = 53.41° 88.5 %  
Max. and min. transmission 0.8883 and 0.8550 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 3306 / 1 / 414 
Goodness-of-fit on F
2
 0.972 
Final R indices [I>2sigma(I)] R1 = 0.0689, wR2 = 0.1410 
R indices (all data) R1 = 0.0943, wR2 = 0.1603 
Extinction coefficient 0.00009(16) 
Largest diff. peak and hole 0.606 and -0.320 e.Å
-3
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Table J.2 Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å
2
x 
10
3
) for (COOH)CH2F3PN [2-11]
*
 
 x y z U(eq) 
C(1) 9489(7) 7052(4) 2632(4) 30(2) 
C(2) 9450(7) 6220(4) 3104(4) 29(2) 
C(3) 8613(8) 6262(4) 3936(4) 34(2) 
C(4) 7763(8) 7088(4) 4339(4) 31(2) 
C(5) 7714(7) 7928(4) 3890(3) 24(1) 
C(6) 8599(7) 7863(4) 3049(4) 27(1) 
C(7) 10248(9) 5340(5) 2695(5) 43(2) 
C(8) 10412(9) 7080(4) 1767(4) 37(2) 
C(9) 6777(8) 8838(4) 4307(4) 33(2) 
C(10) 8242(8) 9353(4) 4581(3) 27(1) 
C(11) 3531(8) 1463(4) 1965(4) 28(1) 
C(12) 3349(7) 857(4) 1319(4) 26(1) 
C(13) 3375(7) 1151(4) 487(4) 24(1) 
C(14) 3615(7) 2043(4) 273(4) 30(2) 
C(15) 3817(7) 2676(4) 870(4) 25(1) 
C(16) 3759(8) 2365(4) 1720(4) 32(2) 
C(17) 3486(8) 1165(4) 2842(4) 39(2) 
C(18) 3151(8) -98(5) 1530(4) 41(2) 
C(19) 4090(8) 3655(4) 628(5) 41(2) 
C(20) 2267(9) 4215(4) 348(4) 36(2) 
C(7S) 8388(9) 2340(5) 3373(4) 48(2) 
C(8S) 5123(5) 3943(2) 7310(2) 32(2) 
C(9S) 5693(5) 2983(2) 7294(2) 31(2) 
C(10S) 6614(5) 2544(2) 6534(2) 35(2) 
C(11S) 6964(5) 3065(3) 5789(2) 45(2) 
C(12S) 6394(6) 4025(3) 5805(2) 49(2) 
C(13S) 5474(6) 4464(2) 6566(3) 48(2) 
C(1S) 8497(5) 1945(2) 2481(2) 29(1) 
C(2S) 8344(5) 1022(2) 2391(2) 31(2) 
C(3S) 8377(5) 667(2) 1575(2) 31(2) 
C(4S) 8563(5) 1234(2) 849(2) 27(1) 
C(5S) 8715(5) 2156(2) 940(2) 26(1) 
C(6S) 8682(5) 2512(2) 1756(2) 30(2) 
C(14S) 4176(10) 4413(5) 8151(5) 67(2) 
F(1) 8579(5) 5470(3) 4407(2) 55(1) 
F(2) 6966(5) 7088(2) 5163(2) 47(1) 
F(3) 8616(5) 8674(2) 2610(2) 40(1) 
F(4) 3160(4) 592(2) -134(2) 38(1) 
F(5) 3950(5) 2926(2) 2346(2) 47(1) 
F(6) 3641(4) 2320(2) -559(2) 39(1) 
N(1) 3442(8) 908(5) 3548(4) 61(2) 
N(2) 3038(8) -852(4) 1727(4) 64(2) 
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N(3) 11262(9) 7041(4) 1093(4) 56(2) 
N(4) 10848(8) 4655(4) 2335(4) 61(2) 
O(1) 7561(5) 10240(3) 4707(2) 31(1) 
O(2) 9884(5) 8962(2) 4680(2) 29(1) 
O(3) 2479(6) 5107(3) 210(3) 45(1) 
O(4) 795(5) 3948(3) 303(3) 35(1) 
* U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
Table J.3 Bond lengths (Å) and angles (°) for (COOH)CH2F3 PN [2-11] 
______________________________________________________________________________
C(1)-C(6)  1.377(8) 
C(1)-C(2)  1.407(8) 
C(1)-C(8)  1.421(8) 
C(2)-C(3)  1.351(8) 
C(2)-C(7)  1.441(9) 
C(3)-F(1)  1.357(6) 
C(3)-C(4)  1.379(8) 
C(4)-F(2)  1.333(6) 
C(4)-C(5)  1.393(8) 
C(5)-C(6)  1.374(8) 
C(5)-C(9)  1.502(7) 
C(6)-F(3)  1.355(6) 
C(7)-N(4)  1.148(8) 
C(8)-N(3)  1.136(7) 
C(9)-C(10)  1.503(8) 
C(10)-O(2)  1.222(6) 
C(10)-O(1)  1.311(6) 
C(11)-C(16)  1.397(8) 
C(11)-C(12)  1.401(8) 
C(11)-C(17)  1.424(8) 
C(12)-C(13)  1.355(7) 
C(12)-C(18)  1.455(9) 
C(13)-F(4)  1.335(6) 
C(13)-C(14)  1.373(8) 
C(14)-F(6)  1.349(6) 
C(14)-C(15)  1.377(8) 
C(15)-C(16)  1.388(8) 
C(15)-C(19)  1.513(8) 
C(16)-F(5)  1.336(6) 
C(17)-N(1)  1.152(7) 
C(18)-N(2)  1.153(8) 
C(19)-C(20)  1.505(8) 
C(20)-O(4)  1.189(7) 
C(20)-O(3)  1.350(7) 
C(7S)-C(1S)  1.516(6) 
C(8S)-C(9S)  1.3900 
C(8S)-C(13S)  1.3900 
C(8S)-C(14S)  1.516(8) 
C(9S)-C(10S)  1.3900 
C(10S)-C(11S)  1.3900 
C(11S)-C(12S)  1.3900 
C(12S)-C(13S)  1.3900 
C(1S)-C(2S)  1.3900 
C(1S)-C(6S)  1.3900 
C(2S)-C(3S)  1.3900 
C(3S)-C(4S)  1.3900 
C(4S)-C(5S)  1.3900 
C(5S)-C(6S)  1.3900
 
 
C(6)-C(1)-C(2) 117.0(5) 
C(6)-C(1)-C(8) 120.1(6) 
C(2)-C(1)-C(8) 122.9(6) 
C(3)-C(2)-C(1) 118.9(6) 
C(3)-C(2)-C(7) 120.9(6) 
C(1)-C(2)-C(7) 120.2(6) 
C(2)-C(3)-F(1) 120.0(6) 
C(2)-C(3)-C(4) 122.6(6) 
F(1)-C(3)-C(4) 117.4(5) 
F(2)-C(4)-C(3) 120.0(5) 
F(2)-C(4)-C(5) 119.4(5) 
C(3)-C(4)-C(5) 120.5(5) 
C(6)-C(5)-C(4) 115.5(5) 
C(6)-C(5)-C(9) 122.7(5) 
C(4)-C(5)-C(9) 121.9(5) 
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F(3)-C(6)-C(5) 116.3(5) 
F(3)-C(6)-C(1) 118.2(5) 
C(5)-C(6)-C(1) 125.4(5) 
N(4)-C(7)-C(2) 176.7(7) 
N(3)-C(8)-C(1) 174.3(7) 
C(5)-C(9)-C(10) 112.3(5) 
O(2)-C(10)-O(1) 124.9(5) 
O(2)-C(10)-C(9) 122.0(5) 
O(1)-C(10)-C(9) 113.1(5) 
C(16)-C(11)-C(12) 117.8(5) 
C(16)-C(11)-C(17) 121.2(6) 
C(12)-C(11)-C(17) 120.9(6) 
C(13)-C(12)-C(11) 120.4(5) 
C(13)-C(12)-C(18) 119.1(5) 
C(11)-C(12)-C(18) 120.5(5) 
F(4)-C(13)-C(12) 121.3(5) 
F(4)-C(13)-C(14) 118.9(5) 
C(12)-C(13)-C(14) 119.9(5) 
F(6)-C(14)-C(13) 118.8(5) 
F(6)-C(14)-C(15) 118.0(5) 
C(13)-C(14)-C(15) 123.1(5) 
C(14)-C(15)-C(16) 116.1(5) 
C(14)-C(15)-C(19) 122.8(5) 
C(16)-C(15)-C(19) 121.1(5) 
F(5)-C(16)-C(15) 120.6(6) 
F(5)-C(16)-C(11) 116.7(5) 
C(15)-C(16)-C(11) 122.6(5) 
N(1)-C(17)-C(11) 178.8(8) 
N(2)-C(18)-C(12) 177.0(7) 
C(20)-C(19)-C(15) 110.7(5) 
O(4)-C(20)-O(3) 123.6(5) 
O(4)-C(20)-C(19) 126.5(5) 
O(3)-C(20)-C(19) 109.8(5) 
C(9S)-C(8S)-C(13S) 120.0 
C(9S)-C(8S)-C(14S) 119.3(4) 
C(13S)-C(8S)-C(14S) 120.7(4) 
C(8S)-C(9S)-C(10S) 120.0 
C(9S)-C(10S)-C(11S) 120.0 
C(12S)-C(11S)-C(10S) 120.0 
C(13S)-C(12S)-C(11S) 120.0 
C(12S)-C(13S)-C(8S) 120.0 
C(2S)-C(1S)-C(6S) 120.0 
C(2S)-C(1S)-C(7S) 119.9(4) 
C(6S)-C(1S)-C(7S) 120.0(4) 
C(1S)-C(2S)-C(3S) 120.0 
C(4S)-C(3S)-C(2S) 120.0 
C(3S)-C(4S)-C(5S) 120.0 
C(4S)-C(5S)-C(6S) 120.0 
C(5S)-C(6S)-C(1S) 120.0 
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Symmetry transformations used to generate equivalent atoms. 
Table J.4 Anisotropic displacement parameters (Å
2 
x 10
3
) for (COOH)CH2F3PN [2-11]
*
  
______________________________________________________________________________ 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
C(1) 15(3)  42(4) 31(4)  -6(3) -4(3)  -2(3) 
C(2) 16(3)  25(4) 48(4)  3(3) -13(3)  -5(3) 
C(3) 26(4)  41(4) 37(4)  21(3) -13(3)  -10(3) 
C(4) 21(3)  46(4) 27(4)  -4(3) -6(3)  -7(3) 
C(5) 14(3)  33(4) 26(4)  -2(3) -4(2)  -5(2) 
C(6) 15(3)  36(4) 32(4)  11(3) -5(3)  -7(3) 
C(7) 34(4)  38(4) 61(5)  -12(4) -19(3)  -3(3) 
C(8) 31(4)  54(5) 27(4)  -11(3) 0(3)  -12(3) 
C(9) 26(4)  41(4) 29(4)  -6(3) -3(3)  1(3) 
C(10) 25(4)  40(4) 14(3)  -8(3) 1(2)  -4(3) 
C(11) 19(3)  36(4) 23(4)  4(3) -1(2)  6(3) 
C(12) 13(3)  33(4) 28(4)  3(3) 2(2)  3(2) 
C(13) 21(3)  21(3) 28(4)  -3(3) -1(2)  0(2) 
C(14) 11(3)  54(4) 21(4)  3(3) -1(2)  6(3) 
C(15) 5(3)  32(4) 35(4)  1(3) -3(2)  2(2) 
C(16) 13(3)  44(4) 37(4)  -21(3) -8(3)  5(3) 
C(17) 22(4)  51(4) 37(4)  1(3) 3(3)  5(3) 
C(18) 16(4)  48(5) 52(5)  8(4) 5(3)  4(3) 
C(19) 27(4)  23(3) 76(5)  3(3) -17(3)  -2(3) 
C(20) 23(4)  23(4) 59(5)  9(3) -9(3)  7(3) 
C(7S) 43(4)  67(5) 33(4)  -7(3) -10(3)  -1(3) 
C(8S) 20(3)  39(4) 37(4)  -4(3) -10(3)  -2(3) 
C(9S) 23(3)  45(4) 28(4)  -4(3) -10(3)  -5(3) 
C(10S) 23(4)  46(4) 42(4)  -6(3) -13(3)  -12(3) 
C(11S) 25(4)  75(5) 37(4)  -1(4) -10(3)  -13(3) 
C(12S) 29(4)  84(6) 42(5)  31(4) -15(3)  -26(4) 
C(13S) 29(4)  50(5) 69(5)  20(4) -27(4)  -9(3) 
C(1S) 18(3)  33(4) 35(4)  -1(3) -4(3)  -3(3) 
C(2S) 24(3)  40(4) 28(4)  12(3) -5(3)  -5(3) 
C(3S) 22(3)  27(3) 44(4)  11(3) -5(3)  -5(3) 
C(4S) 13(3)  36(4) 34(4)  -8(3) -4(2)  -2(2) 
C(5S) 19(3)  27(4) 33(4)  7(3) -4(3)  -4(2) 
C(6S) 20(3)  28(3) 41(4)  2(3) -6(3)  -3(3) 
C(14S) 43(5)  79(6) 79(6)  -27(5) -20(4)  3(4) 
F(1) 45(2)  58(3) 64(3)  26(2) -16(2)  -13(2) 
F(2) 45(2)  67(3) 30(2)  11(2) -6(2)  -14(2) 
F(3) 44(2)  38(2) 36(2)  1(2) 1(2)  -9(2) 
F(4) 36(2)  44(2) 36(2)  -14(2) -8(2)  -2(2) 
F(5) 37(2)  51(2) 52(2)  -23(2) -14(2)  7(2) 
F(6) 38(2)  43(2) 33(2)  8(2) -5(2)  0(2) 
N(1) 42(4)  97(5) 32(4)  8(3) 0(3)  10(3) 
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N(2) 40(4)  41(4) 102(5)  16(4) 10(3)  -1(3) 
N(3) 60(4)  67(4) 37(4)  -3(3) -10(3)  -1(3) 
N(4) 49(4)  48(4) 86(5)  -21(4) -23(3)  2(3) 
O(1) 24(2)  35(3) 32(2)  -8(2) -6(2)  2(2) 
O(2) 22(2)  28(2) 36(2)  -9(2) -7(2)  1(2) 
O(3) 25(3)  34(3) 76(3)  8(2) -13(2)  2(2) 
O(4) 15(2)  30(2) 59(3)  5(2) -13(2)  -1(2) 
* The anisotropic displacement factor exponent takes the form: -2π
2
[h
2
a*
2
U
11
 + ... + 2 h k a
*
 b
*
 
U
12
] 
 
Table J.5 Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2
x 10
3
) for 
(COOH)CH2F3 PN [2-11] 
                                           x                      y                      z                     U(eq) 
H(9A) 5855 8724 4819 39 
H(9B) 6028 9229 3895 39 
H(19A) 4426 3956 1130 49 
H(19B) 5179 3637 152 49 
H(7S1) 9188 1898 3722 72 
H(7S2) 7036 2451 3651 72 
H(7S3) 8871 2927 3324 72 
H(9S) 5454 2626 7803 38 
H(10S) 7003 1888 6523 42 
H(11S) 7593 2765 5270 53 
H(12S) 6634 4382 5296 59 
H(13S) 5084 5120 6576 57 
H(2S) 8217 634 2887 37 
H(3S) 8273 36 1513 37 
H(4S) 8585 991 292 33 
H(5S) 8842 2544 444 31 
H(6S) 8786 3142 1818 36 
H(14A) 5154 4393 8541 100 
H(14B) 3148 4088 8420 100 
H(14C) 3612 5060 8035 100 
H(1) 8389 10485 4906 46 
H(3) 1514 5403 -3 68 
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APPENDIX K 
 
CRYSTAL STRUCTURE PARAMETERS OF F40PcZn [3-3] 
 
Tables K.1 to K.5 list the atomic coordinates and crystallographic parameters for F40PcZn [3-3]. 
 
Table K.1 Crystal data and structure refinement for [F40PcZn [3-3] (Ph3P=O)]2 
Empirical formula  C132.5H80.5C9.5F80N16O2P2Zn2 
Formula weight  7521.03 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 16.7581(8) Å α = 67.182(3)° 
 b = 21.0366(12) Å β = 88.165(4)° 
 c = 22.4381(11) Å γ = 79.729(4)° 
Volume 7168.3(6) Å
3
 
Z 1 
Density (calculated) 1.742 g/cm
3
 
Absorption coefficient 2.890 mm
-1
 
F(000) 3700 
Crystal size 0.56 x 0.26 x 0.12 mm
3
 
Theta range for data collection 2.32 to 73.85° 
Index ranges -20<=h<=20, -25<=k<=25, -27<=l<=27 
Reflections collected 69330 
Independent reflections 26070 [R(int) = 0.0571] 
Completeness to theta = 73.85° 89.8 %  
Absorption correction Empirical 
Max. and min. transmission 0.7230 and 0.2930 
Refinement method Full-matrix-block least-squares on F
2
 
Data / restraints / parameters 26070 / 0 / 2184 
Goodness-of-fit on F
2
 0.995 
Final R indices [I>2sigma(I)] R1 = 0.0804, wR2 = 0.2275 
R indices (all data) R1 = 0.1017, wR2 = 0.2524 
Extinction coefficient 0.00002(3) 
Largest diff. peak and hole 2.291 and -0.906 e.Å
-3
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Table K.2 Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å
2
x 
10
3
) for [F40PcZn [3-3] (Ph3P=O)]2
*
 
                                            x                      y                      z     U(eq) 
Zn(1) 8219(1) 6659(1) 2336(1) 43(1) 
Zn(2) 8022(1) 8862(1) 2148(1) 30(1) 
O(1) 8690(3) 5638(2) 2591(2) 58(1) 
O(2) 7555(2) 9871(2) 1924(2) 40(1) 
P(1) 8526(1) 4956(1) 2595(1) 69(1) 
P(2) 7398(1) 10477(1) 2135(1) 33(1) 
N(1) 7007(3) 6669(2) 2429(2) 40(1) 
N(2) 8225(3) 6770(2) 3194(2) 42(1) 
N(3) 9246(3) 7080(2) 2139(2) 46(1) 
N(4) 8024(3) 6978(2) 1365(2) 45(1) 
N(5) 6904(3) 6508(2) 3557(2) 40(1) 
N(6) 9587(3) 6998(2) 3207(2) 43(1) 
N(7) 9354(3) 7250(2) 1010(2) 50(1) 
N(8) 6676(3) 6725(2) 1361(2) 46(1) 
N(9) 8642(2) 8862(2) 1354(2) 31(1) 
N(10) 7124(2) 8533(2) 1819(2) 29(1) 
N(11) 7589(2) 8410(2) 3053(2) 31(1) 
N(12) 9113(2) 8742(2) 2581(2) 32(1) 
N(13) 9954(2) 9019(2) 1647(2) 36(1) 
N(14) 7575(2) 8728(2) 734(2) 32(1) 
N(15) 6275(2) 8267(2) 2751(2) 30(1) 
N(16) 8684(2) 8495(2) 3680(2) 32(1) 
C(1) 6631(3) 6512(2) 2997(2) 40(1) 
C(2) 5870(4) 6308(3) 2924(3) 50(1) 
C(3) 5259(4) 6075(3) 3327(3) 53(1) 
C(4) 4596(4) 5873(3) 3136(3) 57(1) 
C(5) 4594(4) 5842(3) 2505(3) 59(1) 
C(6) 5185(4) 6120(3) 2097(3) 57(1) 
C(7) 5816(4) 6360(3) 2289(3) 51(1) 
C(8) 3880(4) 5770(4) 3597(3) 70(2) 
C(9) 4004(6) 5030(4) 4160(4) 80(2) 
C(10) 3652(4) 6349(4) 3860(3) 67(2) 
C(11) 4078(5) 5446(4) 2257(4) 73(2) 
C(12) 3398(5) 5924(4) 1756(4) 77(2) 
C(13) 4588(6) 4923(4) 1979(4) 88(2) 
C(14) 6534(3) 6602(3) 1976(2) 44(1) 
C(15) 7631(3) 6629(2) 3634(2) 38(1) 
C(16) 7928(3) 6624(2) 4242(2) 39(1) 
C(17) 7591(3) 6512(3) 4833(2) 45(1) 
C(18) 8064(4) 6532(3) 5320(2) 50(1) 
C(19) 8836(4) 6662(3) 5226(2) 53(1) 
C(20) 9184(3) 6785(3) 4629(2) 48(1) 
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C(21) 8725(3) 6762(2) 4136(2) 39(1) 
C(22) 8884(3) 6856(2) 3468(2) 39(1) 
C(23) 9733(3) 7105(3) 2595(2) 45(1) 
C(24) 10506(3) 7276(3) 2307(3) 49(1) 
C(25) 11210(4) 7355(3) 2552(3) 51(1) 
C(26) 11834(4) 7523(3) 2145(3) 62(2) 
C(27) 11764(4) 7621(3) 1506(3) 62(2) 
C(28) 11068(4) 7543(3) 1256(3) 55(1) 
C(29) 10435(4) 7366(3) 1655(3) 51(1) 
C(30) 9627(4) 7231(3) 1566(2) 49(1) 
C(31) 8615(4) 7134(3) 927(2) 48(1) 
C(32) 8301(4) 7167(3) 317(2) 53(1) 
C(33) 8636(4) 7250(3) -278(3) 58(1) 
C(34) 8234(5) 7189(3) -774(3) 64(2) 
C(35) 8769(5) 7125(3) -1338(3) 71(2) 
C(36) 9645(6) 6645(5) -1109(3) 89(3) 
C(37) 8901(6) 7836(4) -1837(3) 84(2) 
C(38) 7390(4) 7129(3) -699(2) 59(2) 
C(39) 7067(4) 7029(3) -96(3) 55(1) 
C(40) 7524(4) 7029(3) 414(2) 49(1) 
C(41) 6779(5) 7207(4) -1236(3) 75(2) 
C(42) 6585(6) 6507(5) -1199(4) 89(2) 
C(43) 5967(7) 7753(5) -1295(4) 99(3) 
C(44) 7359(4) 6903(3) 1092(2) 48(1) 
C(45) 9443(4) 4336(3) 2788(2) 119(5) 
C(46) 10157(5) 4601(4) 2620(3) 151(6) 
C(47) 10893(4) 4146(6) 2694(3) 251(14) 
C(48) 10914(5) 3427(5) 2936(3) 350(20) 
C(49) 10200(7) 3162(3) 3104(3) 281(16) 
C(50) 9464(5) 3617(3) 3030(3) 181(8) 
C(51) 7787(6) 4630(3) 3169(3) 80(2) 
C(52) 7339(9) 4123(4) 3151(3) 127(5) 
C(53) 6741(9) 3921(5) 3581(4) 127(5) 
C(54) 6576(7) 4195(4) 4056(4) 100(3) 
C(55) 7041(6) 4673(4) 4091(3) 81(2) 
C(56) 7642(5) 4889(3) 3649(3) 68(2) 
C(57) 8162(5) 5032(3) 1815(3) 67(2) 
C(58) 8734(5) 5016(3) 1355(3) 74(2) 
C(59) 8469(5) 5095(4) 746(3) 76(2) 
C(60) 7661(6) 5194(3) 594(3) 76(2) 
C(61) 7086(5) 5229(3) 1042(3) 71(2) 
C(62) 7334(5) 5150(3) 1651(3) 68(2) 
C(63) 8306(3) 8855(2) 814(2) 32(1) 
C(64) 8903(3) 8993(2) 302(2) 34(1) 
C(65) 8889(3) 9043(2) -327(2) 36(1) 
C(66) 9574(3) 9181(3) -688(2) 42(1) 
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C(67) 10270(3) 9248(3) -412(2) 40(1) 
C(68) 10291(3) 9188(2) 219(2) 37(1) 
C(69) 9602(3) 9073(2) 576(2) 35(1) 
C(70) 9420(3) 8983(2) 1245(2) 35(1) 
C(71) 9802(2) 8894(2) 2271(2) 34(1) 
C(72) 10403(3) 8891(3) 2731(2) 37(1) 
C(73) 11184(3) 9037(3) 2686(3) 42(1) 
C(74) 11627(3) 9006(3) 3219(3) 45(1) 
C(75) 11281(3) 8739(3) 3843(3) 47(1) 
C(76) 10489(3) 8623(3) 3869(2) 41(1) 
C(77) 10046(3) 8706(3) 3325(2) 37(1) 
C(78) 12415(3) 9309(3) 3071(3) 51(1) 
C(79) 12311(4) 10051(4) 2515(4) 68(2) 
C(80) 13146(3) 8822(4) 2969(3) 57(1) 
C(81) 11727(3) 8515(4) 4502(3) 60(2) 
C(82) 11614(4) 7753(4) 5019(3) 72(2) 
C(83) 11500(4) 9063(5) 4818(4) 73(2) 
C(84) 9220(3) 8624(2) 3226(2) 33(1) 
C(85) 7931(3) 8426(2) 3589(2) 32(1) 
C(86) 7317(2) 8352(2) 4076(2) 31(1) 
C(87) 7302(3) 8392(2) 4674(2) 34(1) 
C(88) 6598(3) 8400(2) 5021(2) 35(1) 
C(89) 5888(3) 8274(2) 4775(2) 34(1) 
C(90) 5923(3) 8237(2) 4166(2) 33(1) 
C(91) 6615(3) 8287(2) 3805(2) 32(1) 
C(92) 7129(3) 9219(3) 5503(3) 47(1) 
C(93) 6664(3) 8594(3) 5617(2) 42(1) 
C(94) 7017(4) 7952(3) 6232(3) 57(1) 
C(95) 5081(3) 8163(3) 5116(2) 40(1) 
C(96) 4417(3) 8829(3) 4887(2) 43(1) 
C(97) 4720(3) 7520(3) 5100(3) 49(1) 
C(98) 6805(2) 8317(2) 3157(2) 31(1) 
C(99) 6441(2) 8351(2) 2150(2) 31(1) 
C(100) 5879(2) 8259(2) 1718(2) 32(1) 
C(101) 5127(3) 8055(2) 1798(2) 38(1) 
C(102) 4765(3) 7984(3) 1287(3) 43(1) 
C(103) 5137(3) 8119(3) 702(2) 42(1) 
C(104) 5885(3) 8337(2) 612(2) 36(1) 
C(105) 6254(2) 8403(2) 1122(2) 32(1) 
C(106) 7043(2) 8570(2) 1208(2) 31(1) 
C(107) 7278(3) 11274(3) 1426(2) 41(1) 
C(108) 7140(3) 11231(3) 840(2) 47(1) 
C(109) 7006(4) 11832(4) 280(3) 61(2) 
C(110) 6997(6) 12455(4) 308(3) 89(2) 
C(111) 7137(9) 12508(4) 886(4) 125(5) 
C(112) 7282(6) 11910(3) 1450(3) 86(3) 
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C(113) 8211(3) 10475(2) 2642(2) 38(1) 
C(114) 8904(3) 10714(3) 2361(3) 51(1) 
C(115) 9555(4) 10671(4) 2740(3) 62(2) 
C(116) 9521(4) 10390(4) 3408(3) 61(2) 
C(117) 8844(4) 10155(3) 3691(3) 57(1) 
C(118) 8187(3) 10188(3) 3313(2) 43(1) 
C(119) 6480(3) 10465(2) 2575(2) 38(1) 
C(120) 6262(3) 10888(3) 2920(3) 51(1) 
C(121) 5543(4) 10871(3) 3239(3) 63(2) 
C(122) 5031(4) 10434(3) 3221(3) 66(2) 
C(123) 5246(4) 10011(3) 2883(3) 61(2) 
C(124) 5967(3) 10028(3) 2555(3) 47(1) 
F(1) 6840(2) 6388(2) 4951(1) 53(1) 
F(2) 7749(3) 6406(2) 5907(2) 71(1) 
F(3) 9274(3) 6680(2) 5702(2) 74(1) 
F(4) 9935(2) 6923(2) 4545(2) 59(1) 
F(5) 11296(2) 7270(2) 3170(2) 58(1) 
F(6) 12542(2) 7581(2) 2369(2) 77(1) 
F(7) 12390(2) 7789(2) 1124(2) 80(1) 
F(8) 11033(2) 7629(2) 631(2) 64(1) 
F(9) 9408(3) 7372(2) -353(2) 71(1) 
F(10) 6298(2) 6946(2) 4(2) 64(1) 
F(11) 8414(3) 6804(2) -1648(2) 79(1) 
F(12) 9630(4) 6154(2) -523(2) 97(2) 
F(13) 9841(4) 6321(3) -1516(2) 106(2) 
F(14) 10239(4) 6986(3) -1114(2) 106(2) 
F(15) 8179(4) 8208(2) -2148(2) 104(2) 
F(16) 9384(4) 7764(3) -2295(2) 110(2) 
F(17) 9183(4) 8216(2) -1584(2) 94(2) 
F(18) 6279(3) 6140(3) -632(2) 94(1) 
F(19) 6043(4) 6610(3) -1669(2) 120(2) 
F(20) 7250(4) 6082(3) -1261(2) 102(2) 
F(21) 5347(4) 7441(3) -969(2) 110(2) 
F(22) 5705(4) 8071(3) -1906(2) 119(2) 
F(23) 6067(4) 8215(2) -1077(2) 109(2) 
F(24) 7085(3) 7490(2) -1830(2) 90(1) 
F(25) 4248(4) 4366(3) 2140(3) 117(2) 
F(26) 4625(4) 5196(3) 1334(3) 107(2) 
F(27) 5350(3) 4726(2) 2220(3) 99(2) 
F(28) 2838(3) 6234(3) 2049(3) 101(2) 
F(29) 2997(4) 5554(4) 1552(3) 128(2) 
F(30) 3635(3) 6430(3) 1268(2) 97(1) 
F(31) 3383(4) 5000(3) 4554(2) 103(2) 
F(32) 4682(4) 4903(2) 4507(2) 97(2) 
F(33) 4041(3) 4519(2) 3949(2) 92(1) 
F(34) 3194(3) 5808(2) 3263(2) 79(1) 
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F(35) 3865(2) 6948(2) 3465(2) 70(1) 
F(36) 3990(3) 6193(2) 4451(2) 74(1) 
F(37) 2850(3) 6472(3) 3927(2) 86(1) 
F(38) 5295(2) 6069(2) 3922(2) 60(1) 
F(39) 5190(3) 6138(2) 1491(2) 69(1) 
F(40) 3689(3) 5017(2) 2766(2) 92(1) 
F(41) 10976(2) 9253(2) 465(1) 44(1) 
F(42) 10917(2) 9373(2) -775(1) 48(1) 
F(43) 9569(2) 9255(2) -1305(1) 51(1) 
F(44) 8236(2) 8967(2) -606(1) 44(1) 
F(45) 6234(2) 8454(2) 43(1) 43(1) 
F(46) 4777(2) 8035(2) 224(2) 52(1) 
F(47) 4046(2) 7768(2) 1358(2) 56(1) 
F(48) 4747(2) 7909(2) 2356(1) 45(1) 
F(49) 5259(2) 8150(1) 3910(1) 39(1) 
F(50) 7993(2) 8463(2) 4906(1) 42(1) 
F(51) 5198(2) 7983(2) 5767(1) 49(1) 
F(52) 4665(2) 9353(2) 4975(2) 49(1) 
F(53) 4228(2) 9049(2) 4256(1) 45(1) 
F(54) 3744(2) 8708(2) 5210(2) 55(1) 
F(55) 4165(2) 7687(2) 4638(1) 48(1) 
F(56) 4362(2) 7230(2) 5659(2) 66(1) 
F(57) 5313(2) 7034(2) 5051(2) 57(1) 
F(58) 6563(2) 7472(2) 6408(2) 71(1) 
F(59) 7759(2) 7664(2) 6133(2) 66(1) 
F(60) 7086(3) 8157(2) 6719(2) 75(1) 
F(61) 7074(2) 9652(2) 4884(1) 48(1) 
F(62) 6785(2) 9588(2) 5839(2) 57(1) 
F(63) 7909(2) 9016(2) 5696(2) 55(1) 
F(64) 5909(2) 8849(2) 5768(1) 48(1) 
F(65) 11504(2) 9246(2) 2104(1) 50(1) 
F(66) 10134(2) 8410(2) 4438(1) 48(1) 
F(67) 12543(2) 8426(2) 4450(2) 72(1) 
F(68) 11709(3) 9657(3) 4451(3) 93(2) 
F(69) 10714(2) 9195(3) 4911(2) 78(1) 
F(70) 11903(3) 8834(4) 5388(2) 106(2) 
F(71) 11032(2) 7771(3) 5425(2) 89(1) 
F(72) 12302(3) 7453(3) 5373(2) 103(2) 
F(73) 11469(3) 7358(2) 4718(2) 83(1) 
F(74) 13811(2) 9097(3) 2882(3) 86(1) 
F(75) 13298(2) 8235(2) 3486(2) 81(1) 
F(76) 13031(2) 8669(2) 2463(2) 68(1) 
F(77) 11560(2) 10404(2) 2447(3) 95(2) 
F(78) 12815(2) 10422(2) 2606(2) 86(1) 
F(79) 12503(3) 10045(2) 1927(2) 88(1) 
F(80) 12633(2) 9465(2) 3578(2) 68(1) 
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C(1C) 6528(4) 53(4) 9524(4) 28(2) 
Cl(1C) 5982(1) 220(1) 10141(1) 33(1) 
Cl(2C) 7248(1) 605(1) 9233(1) 45(1) 
Cl(3C) 5849(1) 159(1) 8885(1) 39(1) 
C(2C) 951(8) 5551(7) 3999(7) 70(4) 
Cl(4C) 1466(4) 5316(3) 4735(3) 122(2) 
Cl(5C) 56(3) 5116(2) 4148(3) 113(2) 
Cl(6C) 1503(3) 5447(3) 3394(3) 118(2) 
C(3C) 851(10) 6034(9) 833(7) 88(6) 
Cl(7C) 1665(3) 6233(3) 179(2) 99(1) 
Cl(8C) 1198(3) 5807(2) 1541(2) 79(1) 
Cl(9C) 730(3) 5124(3) 760(2) 95(1) 
C(1T) 6692(3) 2802(2) 2629(2) 83(2) 
C(2T) 7264(3) 2296(2) 3077(2) 81(2) 
C(3T) 8086(3) 2267(2) 2957(2) 89(2) 
C(4T) 8336(3) 2746(3) 2389(3) 103(3) 
C(5T) 7763(4) 3253(2) 1942(2) 115(4) 
C(6T) 6942(4) 3281(2) 2061(2) 93(3) 
C(7T) 5809(6) 2826(4) 2746(4) 91(2) 
* U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table K.3 Bond lengths (Å) and angles (°) for [F40PcZn [3-3] (Ph3P=O)]2 
_____________________________________________________________________________ 
Zn(1)-O(1)  2.009(4) 
Zn(1)-N(2)  2.028(4) 
Zn(1)-N(1)  2.033(4) 
Zn(1)-N(4)  2.035(4) 
Zn(1)-N(3)  2.032(5) 
Zn(2)-O(2)  1.994(3) 
Zn(2)-N(12)  2.027(3) 
Zn(2)-N(10)  2.032(3) 
Zn(2)-N(9)  2.034(3) 
Zn(2)-N(11)  2.051(4) 
 
O(1)-P(1)  1.504(5) 
O(2)-P(2)  1.503(3) 
P(1)-C(45)  1.771(5) 
P(1)-C(51)  1.783(9) 
P(1)-C(57)  1.810(7) 
P(2)-C(107)  1.792(5) 
P(2)-C(113)  1.801(5) 
P(2)-C(119)  1.800(5) 
N(1)-C(1)  1.350(7) 
N(1)-C(14)  1.373(6) 
N(2)-C(22)  1.353(6) 
N(2)-C(15)  1.367(7) 
N(3)-C(23)  1.349(7) 
N(3)-C(30)  1.366(7) 
N(4)-C(44)  1.351(7) 
N(4)-C(31)  1.363(7) 
N(5)-C(15)  1.318(7) 
N(5)-C(1)  1.347(6) 
N(6)-C(23)  1.325(7) 
N(6)-C(22)  1.330(7) 
N(7)-C(30)  1.327(7) 
N(7)-C(31)  1.335(8) 
N(8)-C(44)  1.321(8) 
N(8)-C(14)  1.324(7) 
N(9)-C(63)  1.358(5) 
N(9)-C(70)  1.369(6) 
N(10)-C(106)  1.354(5) 
N(10)-C(99)  1.374(5) 
N(11)-C(85)  1.363(5) 
N(11)-C(98)  1.363(6) 
N(12)-C(71)  1.352(6) 
N(12)-C(84)  1.381(5) 
N(13)-C(70)  1.323(6) 
N(13)-C(71)  1.344(6) 
N(14)-C(63)  1.331(6) 
N(14)-C(106)  1.342(6) 
N(15)-C(99)  1.318(6) 
N(15)-C(98)  1.338(5) 
N(16)-C(84)  1.316(6) 
N(16)-C(85)  1.328(6) 
C(1)-C(2)  1.449(8) 
C(2)-C(3)  1.371(9) 
C(2)-C(7)  1.391(7) 
C(3)-F(38)  1.333(6) 
C(3)-C(4)  1.394(9) 
C(4)-C(5)  1.442(9) 
C(4)-C(8)  1.548(10) 
C(5)-C(6)  1.376(9) 
C(5)-C(11)  1.548(9) 
C(6)-F(39)  1.346(6) 
C(6)-C(7)  1.394(8) 
C(7)-C(14)  1.445(8) 
C(8)-F(34)  1.366(8) 
C(8)-C(10)  1.536(11) 
C(8)-C(9)  1.561(10) 
C(9)-F(33)  1.324(9) 
C(9)-F(32)  1.325(10) 
C(9)-F(31)  1.338(10) 
C(10)-F(35)  1.332(8) 
C(10)-F(37)  1.339(8) 
C(10)-F(36)  1.353(8) 
C(11)-F(40)  1.383(9) 
C(11)-C(12)  1.539(11) 
C(11)-C(13)  1.578(12) 
C(12)-F(30)  1.308(9) 
C(12)-F(29)  1.322(8) 
C(12)-F(28)  1.346(10) 
C(13)-F(25)  1.313(9) 
C(13)-F(27)  1.333(10) 
C(13)-F(26)  1.339(11) 
C(15)-C(16)  1.463(6) 
C(16)-C(17)  1.374(7) 
C(16)-C(21)  1.410(7) 
C(17)-F(1)  1.329(7) 
C(17)-C(18)  1.387(8) 
C(18)-F(2)  1.349(6) 
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C(18)-C(19)  1.363(9) 
C(19)-F(3)  1.333(6) 
C(19)-C(20)  1.390(8) 
C(20)-F(4)  1.332(7) 
C(20)-C(21)  1.389(7) 
C(21)-C(22)  1.456(6) 
C(23)-C(24)  1.470(8) 
C(24)-C(25)  1.379(8) 
C(24)-C(29)  1.407(8) 
C(25)-F(5)  1.338(7) 
C(25)-C(26)  1.368(9) 
C(26)-F(6)  1.346(7) 
C(26)-C(27)  1.374(9) 
C(27)-F(7)  1.342(7) 
C(27)-C(28)  1.371(9) 
C(28)-F(8)  1.344(7) 
C(28)-C(29)  1.375(9) 
C(29)-C(30)  1.466(9) 
C(31)-C(32)  1.455(7) 
C(32)-C(40)  1.377(9) 
C(32)-C(33)  1.391(8) 
C(33)-F(9)  1.356(8) 
C(33)-C(34)  1.377(9) 
C(34)-C(38)  1.442(11) 
C(34)-C(35)  1.561(9) 
C(35)-F(11)  1.353(8) 
C(35)-C(37)  1.531(10) 
C(35)-C(36)  1.599(13) 
C(36)-F(12)  1.323(9) 
C(36)-F(14)  1.325(11) 
C(36)-F(13)  1.336(8) 
C(37)-F(17)  1.299(9) 
C(37)-F(16)  1.325(10) 
C(37)-F(15)  1.362(11) 
C(38)-C(39)  1.393(8) 
C(38)-C(41)  1.546(9) 
C(39)-F(10)  1.331(8) 
C(39)-C(40)  1.397(7) 
C(40)-C(44)  1.466(7) 
C(41)-F(24)  1.358(8) 
C(41)-C(42)  1.534(11) 
C(41)-C(43)  1.589(13) 
C(42)-F(19)  1.342(10) 
C(42)-F(20)  1.340(11) 
C(42)-F(18)  1.345(10) 
C(43)-F(23)  1.280(10) 
C(43)-F(22)  1.321(9) 
C(43)-F(21)  1.367(12) 
C(45)-C(46)  1.3900 
C(45)-C(50)  1.3900 
C(46)-C(47)  1.3900 
C(47)-C(48)  1.3900 
C(48)-C(49)  1.3900 
C(49)-C(50)  1.3900 
C(51)-C(56)  1.382(9) 
C(51)-C(52)  1.423(12) 
C(52)-C(53)  1.375(15) 
C(53)-C(54)  1.395(12) 
C(54)-C(55)  1.403(13) 
C(55)-C(56)  1.398(11) 
C(57)-C(58)  1.393(10) 
C(57)-C(62)  1.401(11) 
C(58)-C(59)  1.389(10) 
C(59)-C(60)  1.366(12) 
C(60)-C(61)  1.385(11) 
C(61)-C(62)  1.379(10) 
C(63)-C(64)  1.475(6) 
C(64)-C(65)  1.374(6) 
C(64)-C(69)  1.406(6) 
C(65)-F(44)  1.342(5) 
C(65)-C(66)  1.391(7) 
C(66)-F(43)  1.332(5) 
C(66)-C(67)  1.392(7) 
C(67)-F(42)  1.337(5) 
C(67)-C(68)  1.373(7) 
C(68)-F(41)  1.340(5) 
C(68)-C(69)  1.387(6) 
C(69)-C(70)  1.467(6) 
C(71)-C(72)  1.462(6) 
C(72)-C(77)  1.384(7) 
C(72)-C(73)  1.389(7) 
C(73)-F(65)  1.333(6) 
C(73)-C(74)  1.401(7) 
C(74)-C(75)  1.438(8) 
C(74)-C(78)  1.540(7) 
C(75)-C(76)  1.386(7) 
C(75)-C(81)  1.541(7) 
C(76)-F(66)  1.338(6) 
C(76)-C(77)  1.386(6) 
C(77)-C(84)  1.459(6) 
C(78)-F(80)  1.376(6) 
C(78)-C(80)  1.523(8) 
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C(78)-C(79)  1.559(10) 
C(79)-F(78)  1.317(7) 
C(79)-F(77)  1.321(8) 
C(79)-F(79)  1.352(9) 
C(80)-F(74)  1.320(7) 
C(80)-F(75)  1.316(8) 
C(80)-F(76)  1.322(7) 
C(81)-F(67)  1.354(6) 
C(81)-C(83)  1.562(9) 
C(81)-C(82)  1.614(11) 
C(82)-F(73)  1.313(9) 
C(82)-F(71)  1.318(8) 
C(82)-F(72)  1.331(7) 
C(83)-F(68)  1.305(10) 
C(83)-F(69)  1.323(7) 
C(83)-F(70)  1.335(8) 
C(85)-C(86)  1.459(6) 
C(86)-C(87)  1.376(6) 
C(86)-C(91)  1.392(6) 
C(87)-F(50)  1.340(5) 
C(87)-C(88)  1.394(6) 
C(88)-C(89)  1.434(6) 
C(88)-C(93)  1.554(6) 
C(89)-C(90)  1.396(6) 
C(89)-C(95)  1.543(6) 
C(90)-F(49)  1.341(5) 
C(90)-C(91)  1.389(6) 
C(91)-C(98)  1.458(6) 
C(92)-F(63)  1.330(6) 
C(92)-F(62)  1.330(6) 
C(92)-F(61)  1.329(6) 
C(92)-C(93)  1.579(8) 
C(93)-F(64)  1.370(6) 
C(93)-C(94)  1.550(8) 
C(94)-F(58)  1.303(8) 
C(94)-F(59)  1.334(7) 
C(94)-F(60)  1.337(7) 
C(95)-F(51)  1.370(5) 
C(95)-C(96)  1.546(7) 
C(95)-C(97)  1.589(8) 
C(96)-F(52)  1.328(6) 
C(96)-F(54)  1.331(6) 
C(96)-F(53)  1.336(6) 
C(97)-F(55)  1.315(6) 
C(97)-F(57)  1.329(7) 
C(97)-F(56)  1.339(6) 
C(99)-C(100)  1.459(6) 
C(100)-C(101)  1.387(6) 
C(100)-C(105)  1.406(6) 
C(101)-F(48)  1.336(6) 
C(101)-C(102)  1.385(7) 
C(102)-F(47)  1.346(5) 
C(102)-C(103)  1.382(7) 
C(103)-F(46)  1.333(5) 
C(103)-C(104)  1.392(7) 
C(104)-F(45)  1.338(5) 
C(104)-C(105)  1.383(6) 
C(105)-C(106)  1.464(6) 
C(107)-C(112)  1.360(8) 
C(107)-C(108)  1.382(7) 
C(108)-C(109)  1.383(8) 
C(109)-C(110)  1.335(11) 
C(110)-C(111)  1.374(12) 
C(111)-C(112)  1.385(10) 
C(113)-C(114)  1.385(7) 
C(113)-C(118)  1.390(7) 
C(114)-C(115)  1.375(8) 
C(115)-C(116)  1.384(10) 
C(116)-C(117)  1.360(9) 
C(117)-C(118)  1.386(8) 
C(119)-C(124)  1.380(7) 
C(119)-C(120)  1.387(7) 
C(120)-C(121)  1.381(8) 
C(121)-C(122)  1.377(10) 
C(122)-C(123)  1.374(10) 
C(123)-C(124)  1.393(8) 
C(1C)-Cl(1C)  1.750(8) 
C(1C)-Cl(2C)  1.757(8) 
C(1C)-Cl(3C)  1.780(8) 
C(2C)-Cl(6C)  1.681(18) 
C(2C)-Cl(4C)  1.739(15) 
C(2C)-Cl(5C)  1.849(15) 
C(3C)-Cl(8C)  1.568(14) 
C(3C)-Cl(7C)  1.946(16) 
C(3C)-Cl(9C)  2.030(18) 
C(1T)-C(2T)  1.3900 
C(1T)-C(6T)  1.3900 
C(1T)-C(7T)  1.489(10) 
C(2T)-C(3T)  1.3900 
C(3T)-C(4T)  1.3900 
C(4T)-C(5T)  1.3900 
C(5T)-C(6T)  1.3900 
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O(1)-Zn(1)-N(2) 102.25(17) 
O(1)-Zn(1)-N(1) 103.40(17) 
N(2)-Zn(1)-N(1) 87.06(17) 
O(1)-Zn(1)-N(4) 101.58(17) 
N(2)-Zn(1)-N(4) 156.16(17) 
N(1)-Zn(1)-N(4) 87.88(18) 
O(1)-Zn(1)-N(3) 100.53(18) 
N(2)-Zn(1)-N(3) 87.60(17) 
N(1)-Zn(1)-N(3) 156.06(17) 
N(4)-Zn(1)-N(3) 87.64(18) 
O(2)-Zn(2)-N(12) 103.33(14) 
O(2)-Zn(2)-N(10) 101.73(14) 
N(12)-Zn(2)-N(10) 154.94(15) 
O(2)-Zn(2)-N(9) 103.73(15) 
N(12)-Zn(2)-N(9) 86.90(14) 
N(10)-Zn(2)-N(9) 87.74(14) 
O(2)-Zn(2)-N(11) 101.23(14) 
N(12)-Zn(2)-N(11) 87.95(14) 
N(10)-Zn(2)-N(11) 86.65(14) 
N(9)-Zn(2)-N(11) 155.03(15) 
 
P(1)-O(1)-Zn(1) 144.0(3) 
P(2)-O(2)-Zn(2) 147.6(2) 
O(1)-P(1)-C(45) 109.2(3) 
O(1)-P(1)-C(51) 110.8(3) 
C(45)-P(1)-C(51) 109.9(4) 
O(1)-P(1)-C(57) 112.9(3) 
C(45)-P(1)-C(57) 106.3(3) 
C(51)-P(1)-C(57) 107.6(4) 
O(2)-P(2)-C(107) 108.3(2) 
O(2)-P(2)-C(113) 113.0(2) 
C(107)-P(2)-C(113) 108.4(2) 
O(2)-P(2)-C(119) 110.4(2) 
C(107)-P(2)-C(119) 108.7(2) 
C(113)-P(2)-C(119) 108.0(2) 
C(1)-N(1)-C(14) 110.1(4) 
C(1)-N(1)-Zn(1) 124.5(3) 
C(14)-N(1)-Zn(1) 122.1(4) 
C(22)-N(2)-C(15) 109.7(4) 
C(22)-N(2)-Zn(1) 124.2(3) 
C(15)-N(2)-Zn(1) 124.9(3) 
C(23)-N(3)-C(30) 110.2(5) 
C(23)-N(3)-Zn(1) 123.9(3) 
C(30)-N(3)-Zn(1) 124.5(4) 
C(44)-N(4)-C(31) 110.7(4) 
C(44)-N(4)-Zn(1) 123.7(4) 
C(31)-N(4)-Zn(1) 123.9(4) 
C(15)-N(5)-C(1) 123.0(4) 
C(23)-N(6)-C(22) 122.8(4) 
C(30)-N(7)-C(31) 123.1(5) 
C(44)-N(8)-C(14) 123.0(5) 
C(63)-N(9)-C(70) 110.0(4) 
C(63)-N(9)-Zn(2) 124.7(3) 
C(70)-N(9)-Zn(2) 124.5(3) 
C(106)-N(10)-C(99) 109.7(3) 
C(106)-N(10)-Zn(2) 124.9(3) 
C(99)-N(10)-Zn(2) 124.6(3) 
C(85)-N(11)-C(98) 110.1(4) 
C(85)-N(11)-Zn(2) 122.1(3) 
C(98)-N(11)-Zn(2) 123.3(3) 
C(71)-N(12)-C(84) 109.6(3) 
C(71)-N(12)-Zn(2) 125.4(3) 
C(84)-N(12)-Zn(2) 123.9(3) 
C(70)-N(13)-C(71) 122.3(4) 
C(63)-N(14)-C(106) 123.3(4) 
C(99)-N(15)-C(98) 122.8(4) 
C(84)-N(16)-C(85) 124.0(4) 
N(5)-C(1)-N(1) 127.8(5) 
N(5)-C(1)-C(2) 123.6(5) 
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N(1)-C(1)-C(2) 108.6(4) 
C(3)-C(2)-C(7) 118.5(5) 
C(3)-C(2)-C(1) 135.1(5) 
C(7)-C(2)-C(1) 106.4(5) 
F(38)-C(3)-C(2) 117.6(5) 
F(38)-C(3)-C(4) 119.1(6) 
C(2)-C(3)-C(4) 123.2(5) 
C(3)-C(4)-C(5) 118.1(6) 
C(3)-C(4)-C(8) 116.4(6) 
C(5)-C(4)-C(8) 125.2(6) 
C(6)-C(5)-C(4) 116.9(5) 
C(6)-C(5)-C(11) 114.8(6) 
C(4)-C(5)-C(11) 127.7(6) 
F(39)-C(6)-C(5) 119.6(5) 
F(39)-C(6)-C(7) 117.1(6) 
C(5)-C(6)-C(7) 123.2(5) 
C(2)-C(7)-C(6) 119.3(6) 
C(2)-C(7)-C(14) 107.3(5) 
C(6)-C(7)-C(14) 132.9(5) 
F(34)-C(8)-C(4) 109.3(5) 
F(34)-C(8)-C(10) 104.0(6) 
C(4)-C(8)-C(10) 113.9(6) 
F(34)-C(8)-C(9) 104.9(6) 
C(4)-C(8)-C(9) 113.1(6) 
C(10)-C(8)-C(9) 110.8(6) 
F(33)-C(9)-F(32) 107.4(8) 
F(33)-C(9)-F(31) 108.3(6) 
F(32)-C(9)-F(31) 107.8(6) 
F(33)-C(9)-C(8) 112.5(6) 
F(32)-C(9)-C(8) 111.6(6) 
F(31)-C(9)-C(8) 109.1(7) 
F(35)-C(10)-F(37) 107.9(6) 
F(35)-C(10)-F(36) 106.8(6) 
F(37)-C(10)-F(36) 105.4(6) 
F(35)-C(10)-C(8) 111.7(6) 
F(37)-C(10)-C(8) 110.2(6) 
F(36)-C(10)-C(8) 114.4(6) 
F(40)-C(11)-C(12) 105.2(7) 
F(40)-C(11)-C(5) 109.8(6) 
C(12)-C(11)-C(5) 114.4(6) 
F(40)-C(11)-C(13) 103.5(6) 
C(12)-C(11)-C(13) 108.6(6) 
C(5)-C(11)-C(13) 114.4(7) 
F(30)-C(12)-F(29) 110.8(7) 
F(30)-C(12)-F(28) 106.5(7) 
F(29)-C(12)-F(28) 104.3(7) 
F(30)-C(12)-C(11) 114.5(7) 
F(29)-C(12)-C(11) 111.2(7) 
F(28)-C(12)-C(11) 108.9(6) 
F(25)-C(13)-F(27) 108.9(8) 
F(25)-C(13)-F(26) 107.8(6) 
F(27)-C(13)-F(26) 106.9(8) 
F(25)-C(13)-C(11) 108.6(8) 
F(27)-C(13)-C(11) 111.0(6) 
F(26)-C(13)-C(11) 113.4(7) 
N(8)-C(14)-N(1) 128.8(5) 
N(8)-C(14)-C(7) 123.7(5) 
N(1)-C(14)-C(7) 107.5(4) 
N(5)-C(15)-N(2) 128.3(4) 
N(5)-C(15)-C(16) 123.1(4) 
N(2)-C(15)-C(16) 108.7(4) 
C(17)-C(16)-C(21) 120.7(5) 
C(17)-C(16)-C(15) 133.2(5) 
C(21)-C(16)-C(15) 106.0(4) 
F(1)-C(17)-C(16) 122.7(5) 
F(1)-C(17)-C(18) 119.4(5) 
C(16)-C(17)-C(18) 117.8(5) 
F(2)-C(18)-C(19) 119.3(5) 
F(2)-C(18)-C(17) 118.6(5) 
C(19)-C(18)-C(17) 122.1(5) 
F(3)-C(19)-C(18) 120.8(5) 
F(3)-C(19)-C(20) 118.3(6) 
C(18)-C(19)-C(20) 120.9(5) 
F(4)-C(20)-C(21) 122.1(5) 
F(4)-C(20)-C(19) 120.0(5) 
C(21)-C(20)-C(19) 117.9(5) 
C(20)-C(21)-C(16) 120.4(5) 
C(20)-C(21)-C(22) 133.2(5) 
C(16)-C(21)-C(22) 106.3(4) 
N(6)-C(22)-N(2) 128.6(4) 
N(6)-C(22)-C(21) 122.1(4) 
N(2)-C(22)-C(21) 109.3(4) 
N(6)-C(23)-N(3) 129.0(5) 
N(6)-C(23)-C(24) 122.3(5) 
N(3)-C(23)-C(24) 108.7(4) 
C(25)-C(24)-C(29) 120.7(5) 
C(25)-C(24)-C(23) 133.0(5) 
C(29)-C(24)-C(23) 106.3(5) 
F(5)-C(25)-C(26) 119.7(5) 
F(5)-C(25)-C(24) 121.9(5) 
C(26)-C(25)-C(24) 118.4(6) 
F(6)-C(26)-C(25) 120.4(6) 
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F(6)-C(26)-C(27) 118.3(6) 
C(25)-C(26)-C(27) 121.3(6) 
F(7)-C(27)-C(28) 119.8(6) 
F(7)-C(27)-C(26) 119.2(6) 
C(28)-C(27)-C(26) 121.0(6) 
F(8)-C(28)-C(27) 119.0(5) 
F(8)-C(28)-C(29) 122.0(6) 
C(27)-C(28)-C(29) 119.0(5) 
C(28)-C(29)-C(24) 119.7(6) 
C(28)-C(29)-C(30) 134.2(5) 
C(24)-C(29)-C(30) 106.1(5) 
N(7)-C(30)-N(3) 128.3(6) 
N(7)-C(30)-C(29) 123.1(5) 
N(3)-C(30)-C(29) 108.6(5) 
N(7)-C(31)-N(4) 128.6(5) 
N(7)-C(31)-C(32) 123.8(5) 
N(4)-C(31)-C(32) 107.6(5) 
C(40)-C(32)-C(33) 118.7(6) 
C(40)-C(32)-C(31) 107.2(5) 
C(33)-C(32)-C(31) 133.9(6) 
F(9)-C(33)-C(34) 119.6(6) 
F(9)-C(33)-C(32) 117.1(5) 
C(34)-C(33)-C(32) 123.3(7) 
C(33)-C(34)-C(38) 117.7(6) 
C(33)-C(34)-C(35) 115.7(7) 
C(38)-C(34)-C(35) 126.3(6) 
F(11)-C(35)-C(37) 108.0(5) 
F(11)-C(35)-C(34) 109.9(7) 
C(37)-C(35)-C(34) 113.0(6) 
F(11)-C(35)-C(36) 103.9(6) 
C(37)-C(35)-C(36) 107.1(7) 
C(34)-C(35)-C(36) 114.4(5) 
F(12)-C(36)-F(14) 108.4(8) 
F(12)-C(36)-F(13) 107.4(7) 
F(14)-C(36)-F(13) 106.7(7) 
F(12)-C(36)-C(35) 110.9(7) 
F(14)-C(36)-C(35) 115.2(7) 
F(13)-C(36)-C(35) 107.8(7) 
F(17)-C(37)-F(16) 109.4(8) 
F(17)-C(37)-F(15) 107.3(7) 
F(16)-C(37)-F(15) 105.6(6) 
F(17)-C(37)-C(35) 113.4(6) 
F(16)-C(37)-C(35) 111.7(7) 
F(15)-C(37)-C(35) 109.2(8) 
C(39)-C(38)-C(34) 117.9(6) 
C(39)-C(38)-C(41) 115.5(7) 
C(34)-C(38)-C(41) 126.5(6) 
F(10)-C(39)-C(38) 120.2(5) 
F(10)-C(39)-C(40) 118.0(5) 
C(38)-C(39)-C(40) 121.8(6) 
C(32)-C(40)-C(39) 119.9(5) 
C(32)-C(40)-C(44) 106.9(5) 
C(39)-C(40)-C(44) 133.3(6) 
F(24)-C(41)-C(42) 104.7(5) 
F(24)-C(41)-C(38) 110.8(7) 
C(42)-C(41)-C(38) 113.6(6) 
F(24)-C(41)-C(43) 102.0(6) 
C(42)-C(41)-C(43) 110.6(8) 
C(38)-C(41)-C(43) 114.1(5) 
F(19)-C(42)-F(20) 107.7(6) 
F(19)-C(42)-F(18) 107.2(8) 
F(20)-C(42)-F(18) 105.4(8) 
F(19)-C(42)-C(41) 110.9(7) 
F(20)-C(42)-C(41) 111.7(8) 
F(18)-C(42)-C(41) 113.5(6) 
F(23)-C(43)-F(22) 109.2(8) 
F(23)-C(43)-F(21) 107.2(8) 
F(22)-C(43)-F(21) 105.5(8) 
F(23)-C(43)-C(41) 112.1(8) 
F(22)-C(43)-C(41) 109.8(7) 
F(21)-C(43)-C(41) 112.7(8) 
N(8)-C(44)-N(4) 129.1(5) 
N(8)-C(44)-C(40) 123.2(5) 
N(4)-C(44)-C(40) 107.6(5) 
C(46)-C(45)-C(50) 120.0 
C(46)-C(45)-P(1) 116.7(4) 
C(50)-C(45)-P(1) 122.9(4) 
C(47)-C(46)-C(45) 120.0 
C(48)-C(47)-C(46) 120.0 
C(49)-C(48)-C(47) 120.0 
C(48)-C(49)-C(50) 120.0 
C(49)-C(50)-C(45) 120.0 
C(56)-C(51)-C(52) 118.9(8) 
C(56)-C(51)-P(1) 118.0(6) 
C(52)-C(51)-P(1) 123.1(5) 
C(53)-C(52)-C(51) 120.7(7) 
C(52)-C(53)-C(54) 120.6(9) 
C(53)-C(54)-C(55) 118.7(9) 
C(56)-C(55)-C(54) 121.1(7) 
C(51)-C(56)-C(55) 119.9(7) 
C(58)-C(57)-C(62) 119.8(6) 
C(58)-C(57)-P(1) 117.8(6) 
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C(62)-C(57)-P(1) 122.3(5) 
C(59)-C(58)-C(57) 118.9(8) 
C(60)-C(59)-C(58) 121.0(7) 
C(61)-C(60)-C(59) 120.6(7) 
C(60)-C(61)-C(62) 119.5(8) 
C(61)-C(62)-C(57) 120.2(7) 
N(14)-C(63)-N(9) 128.2(4) 
N(14)-C(63)-C(64) 123.1(4) 
N(9)-C(63)-C(64) 108.7(4) 
C(65)-C(64)-C(69) 120.4(4) 
C(65)-C(64)-C(63) 133.5(4) 
C(69)-C(64)-C(63) 106.1(4) 
F(44)-C(65)-C(64) 122.3(4) 
F(44)-C(65)-C(66) 118.8(4) 
C(64)-C(65)-C(66) 118.9(4) 
F(43)-C(66)-C(65) 120.3(4) 
F(43)-C(66)-C(67) 119.1(4) 
C(65)-C(66)-C(67) 120.6(4) 
F(42)-C(67)-C(68) 120.8(4) 
F(42)-C(67)-C(66) 118.6(4) 
C(68)-C(67)-C(66) 120.7(4) 
F(41)-C(68)-C(67) 118.6(4) 
F(41)-C(68)-C(69) 122.3(4) 
C(67)-C(68)-C(69) 119.1(4) 
C(68)-C(69)-C(64) 120.3(4) 
C(68)-C(69)-C(70) 133.1(4) 
C(64)-C(69)-C(70) 106.5(4) 
N(13)-C(70)-N(9) 128.9(4) 
N(13)-C(70)-C(69) 122.6(4) 
N(9)-C(70)-C(69) 108.6(4) 
N(13)-C(71)-N(12) 128.0(4) 
N(13)-C(71)-C(72) 123.0(4) 
N(12)-C(71)-C(72) 109.0(4) 
C(77)-C(72)-C(73) 118.9(4) 
C(77)-C(72)-C(71) 106.4(4) 
C(73)-C(72)-C(71) 134.7(5) 
F(65)-C(73)-C(72) 118.1(4) 
F(65)-C(73)-C(74) 119.2(4) 
C(72)-C(73)-C(74) 122.6(5) 
C(73)-C(74)-C(75) 117.4(4) 
C(73)-C(74)-C(78) 116.4(5) 
C(75)-C(74)-C(78) 126.1(4) 
C(76)-C(75)-C(74) 118.1(5) 
C(76)-C(75)-C(81) 115.6(5) 
C(74)-C(75)-C(81) 126.1(5) 
F(66)-C(76)-C(75) 119.8(4) 
F(66)-C(76)-C(77) 117.6(4) 
C(75)-C(76)-C(77) 122.6(5) 
C(72)-C(77)-C(76) 119.7(4) 
C(72)-C(77)-C(84) 107.4(4) 
C(76)-C(77)-C(84) 132.9(5) 
F(80)-C(78)-C(80) 106.1(4) 
F(80)-C(78)-C(74) 109.8(4) 
C(80)-C(78)-C(74) 115.0(5) 
F(80)-C(78)-C(79) 100.0(5) 
C(80)-C(78)-C(79) 110.9(5) 
C(74)-C(78)-C(79) 113.7(5) 
F(78)-C(79)-F(77) 109.4(6) 
F(78)-C(79)-F(79) 103.0(6) 
F(77)-C(79)-F(79) 106.1(6) 
F(78)-C(79)-C(78) 111.0(6) 
F(77)-C(79)-C(78) 112.7(6) 
F(79)-C(79)-C(78) 114.1(6) 
F(74)-C(80)-F(75) 106.1(5) 
F(74)-C(80)-F(76) 107.7(5) 
F(75)-C(80)-F(76) 108.8(5) 
F(74)-C(80)-C(78) 111.9(5) 
F(75)-C(80)-C(78) 110.1(5) 
F(76)-C(80)-C(78) 112.0(5) 
F(67)-C(81)-C(75) 111.8(5) 
F(67)-C(81)-C(83) 106.4(5) 
C(75)-C(81)-C(83) 113.0(5) 
F(67)-C(81)-C(82) 101.6(5) 
C(75)-C(81)-C(82) 114.2(5) 
C(83)-C(81)-C(82) 109.1(6) 
F(73)-C(82)-F(71) 108.8(6) 
F(73)-C(82)-F(72) 108.6(7) 
F(71)-C(82)-F(72) 106.9(6) 
F(73)-C(82)-C(81) 110.2(6) 
F(71)-C(82)-C(81) 114.0(6) 
F(72)-C(82)-C(81) 108.1(6) 
F(68)-C(83)-F(69) 107.3(7) 
F(68)-C(83)-F(70) 107.7(6) 
F(69)-C(83)-F(70) 108.6(6) 
F(68)-C(83)-C(81) 110.1(6) 
F(69)-C(83)-C(81) 113.3(5) 
F(70)-C(83)-C(81) 109.7(7) 
N(16)-C(84)-N(12) 128.3(4) 
N(16)-C(84)-C(77) 124.0(4) 
N(12)-C(84)-C(77) 107.7(4) 
N(16)-C(85)-N(11) 128.2(4) 
N(16)-C(85)-C(86) 123.6(4) 
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N(11)-C(85)-C(86) 108.2(4) 
C(87)-C(86)-C(91) 119.9(4) 
C(87)-C(86)-C(85) 133.2(4) 
C(91)-C(86)-C(85) 106.7(4) 
F(50)-C(87)-C(86) 117.2(4) 
F(50)-C(87)-C(88) 119.8(4) 
C(86)-C(87)-C(88) 122.9(4) 
C(87)-C(88)-C(89) 117.6(4) 
C(87)-C(88)-C(93) 115.0(4) 
C(89)-C(88)-C(93) 127.3(4) 
C(90)-C(89)-C(88) 117.6(4) 
C(90)-C(89)-C(95) 115.6(4) 
C(88)-C(89)-C(95) 126.8(4) 
F(49)-C(90)-C(91) 117.6(4) 
F(49)-C(90)-C(89) 119.0(4) 
C(91)-C(90)-C(89) 123.4(4) 
C(90)-C(91)-C(86) 118.1(4) 
C(90)-C(91)-C(98) 135.0(4) 
C(86)-C(91)-C(98) 106.9(4) 
F(63)-C(92)-F(62) 106.6(4) 
F(63)-C(92)-F(61) 108.7(4) 
F(62)-C(92)-F(61) 107.1(4) 
F(63)-C(92)-C(93) 114.1(4) 
F(62)-C(92)-C(93) 109.0(4) 
F(61)-C(92)-C(93) 111.0(4) 
F(64)-C(93)-C(94) 105.9(4) 
F(64)-C(93)-C(88) 110.0(4) 
C(94)-C(93)-C(88) 112.6(4) 
F(64)-C(93)-C(92) 102.1(4) 
C(94)-C(93)-C(92) 110.3(4) 
C(88)-C(93)-C(92) 115.1(4) 
F(58)-C(94)-F(59) 108.4(6) 
F(58)-C(94)-F(60) 108.8(5) 
F(59)-C(94)-F(60) 107.2(5) 
F(58)-C(94)-C(93) 112.1(5) 
F(59)-C(94)-C(93) 110.5(4) 
F(60)-C(94)-C(93) 109.6(5) 
F(51)-C(95)-C(89) 110.0(4) 
F(51)-C(95)-C(96) 105.4(4) 
C(89)-C(95)-C(96) 113.4(4) 
F(51)-C(95)-C(97) 102.2(4) 
C(89)-C(95)-C(97) 115.3(4) 
C(96)-C(95)-C(97) 109.6(4) 
F(52)-C(96)-F(54) 108.2(4) 
F(52)-C(96)-F(53) 107.0(4) 
F(54)-C(96)-F(53) 108.1(4) 
F(52)-C(96)-C(95) 111.1(4) 
F(54)-C(96)-C(95) 110.9(4) 
F(53)-C(96)-C(95) 111.5(4) 
F(55)-C(97)-F(57) 109.1(5) 
F(55)-C(97)-F(56) 106.3(4) 
F(57)-C(97)-F(56) 107.6(4) 
F(55)-C(97)-C(95) 114.8(4) 
F(57)-C(97)-C(95) 110.2(4) 
F(56)-C(97)-C(95) 108.6(4) 
N(15)-C(98)-N(11) 127.9(4) 
N(15)-C(98)-C(91) 124.0(4) 
N(11)-C(98)-C(91) 108.1(4) 
N(15)-C(99)-N(10) 128.7(4) 
N(15)-C(99)-C(100) 122.7(4) 
N(10)-C(99)-C(100) 108.6(4) 
C(101)-C(100)-C(105) 120.1(4) 
C(101)-C(100)-C(99) 133.4(4) 
C(105)-C(100)-C(99) 106.4(4) 
F(48)-C(101)-C(100) 122.5(4) 
F(48)-C(101)-C(102) 118.7(4) 
C(100)-C(101)-C(102) 118.8(4) 
F(47)-C(102)-C(103) 118.9(4) 
F(47)-C(102)-C(101) 120.0(5) 
C(103)-C(102)-C(101) 121.1(4) 
F(46)-C(103)-C(102) 119.5(4) 
F(46)-C(103)-C(104) 119.8(5) 
C(102)-C(103)-C(104) 120.7(4) 
F(45)-C(104)-C(105) 122.1(4) 
F(45)-C(104)-C(103) 119.2(4) 
C(105)-C(104)-C(103) 118.7(4) 
C(104)-C(105)-C(100) 120.7(4) 
C(104)-C(105)-C(106) 132.9(4) 
C(100)-C(105)-C(106) 106.3(4) 
N(14)-C(106)-N(10) 128.2(4) 
N(14)-C(106)-C(105) 122.8(4) 
N(10)-C(106)-C(105) 109.0(4) 
C(112)-C(107)-C(108) 119.7(5) 
C(112)-C(107)-P(2) 122.8(4) 
C(108)-C(107)-P(2) 117.4(4) 
C(107)-C(108)-C(109) 120.2(6) 
C(110)-C(109)-C(108) 119.8(6) 
C(109)-C(110)-C(111) 120.9(7) 
C(110)-C(111)-C(112) 120.0(8) 
C(107)-C(112)-C(111) 119.5(6) 
C(114)-C(113)-C(118) 118.9(5) 
C(114)-C(113)-P(2) 119.3(4) 
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C(118)-C(113)-P(2) 121.6(4) 
C(115)-C(114)-C(113) 120.4(5) 
C(114)-C(115)-C(116) 120.1(6) 
C(117)-C(116)-C(115) 120.1(5) 
C(116)-C(117)-C(118) 120.2(5) 
C(113)-C(118)-C(117) 120.2(5) 
C(124)-C(119)-C(120) 119.0(5) 
C(124)-C(119)-P(2) 118.4(4) 
C(120)-C(119)-P(2) 122.6(4) 
C(121)-C(120)-C(119) 120.6(6) 
C(122)-C(121)-C(120) 120.5(6) 
C(121)-C(122)-C(123) 119.2(5) 
C(122)-C(123)-C(124) 120.8(6) 
C(119)-C(124)-C(123) 120.0(5) 
Cl(1C)-C(1C)-Cl(2C) 111.1(5) 
Cl(1C)-C(1C)-Cl(3C) 109.9(4) 
Cl(2C)-C(1C)-Cl(3C) 110.6(4) 
Cl(6C)-C(2C)-Cl(4C) 116.9(9) 
Cl(6C)-C(2C)-Cl(5C) 112.8(9) 
Cl(4C)-C(2C)-Cl(5C) 108.5(8) 
Cl(8C)-C(3C)-Cl(7C) 114.0(8) 
Cl(8C)-C(3C)-Cl(9C) 104.6(8) 
Cl(7C)-C(3C)-Cl(9C) 93.7(9) 
C(2T)-C(1T)-C(6T) 120.0 
C(2T)-C(1T)-C(7T) 120.4(5) 
C(6T)-C(1T)-C(7T) 119.6(5) 
C(1T)-C(2T)-C(3T) 120.0 
C(4T)-C(3T)-C(2T) 120.0 
C(3T)-C(4T)-C(5T) 120.0 
C(4T)-C(5T)-C(6T) 120.0 
C(5T)-C(6T)-C(1T) 120.0 
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Table K.4 Anisotropic displacement parameters (Å
2
x 10
3
) for [F40PcZn [3-3] (Ph3P=O)]2
*
 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
Zn(1) 49(1)  49(1) 30(1)  -18(1) -9(1)  -3(1) 
Zn(2) 23(1)  43(1) 31(1)  -22(1) -1(1)  -7(1) 
O(1) 60(2)  54(2) 47(2)  -16(2) -8(2)  10(2) 
O(2) 37(2)  45(2) 43(2)  -25(2) -5(1)  -2(1) 
P(1) 111(1)  45(1) 39(1)  -18(1) -7(1)  21(1) 
P(2) 34(1)  38(1) 31(1)  -18(1) 3(1)  -8(1) 
N(1) 48(2)  39(2) 35(2)  -17(2) -13(2)  -2(2) 
N(2) 49(2)  44(2) 33(2)  -18(2) -10(2)  -2(2) 
N(3) 53(2)  54(2) 32(2)  -18(2) -3(2)  -8(2) 
N(4) 58(3)  43(2) 31(2)  -14(2) -10(2)  -4(2) 
N(5) 47(2)  37(2) 35(2)  -16(2) -7(2)  0(2) 
N(6) 48(2)  46(2) 35(2)  -15(2) -6(2)  -7(2) 
N(7) 64(3)  51(2) 35(2)  -18(2) -5(2)  -5(2) 
N(8) 64(3)  40(2) 33(2)  -16(2) -13(2)  -3(2) 
N(9) 23(2)  46(2) 32(2)  -22(2) -1(1)  -7(1) 
N(10) 26(2)  37(2) 31(2)  -19(1) -1(1)  -9(1) 
N(11) 26(2)  39(2) 30(2)  -18(2) -2(1)  -3(1) 
N(12) 23(2)  46(2) 32(2)  -21(2) -3(1)  -4(1) 
N(13) 22(2)  51(2) 40(2)  -26(2) -1(2)  -5(2) 
N(14) 30(2)  40(2) 33(2)  -19(2) 1(1)  -9(2) 
N(15) 27(2)  35(2) 31(2)  -16(1) -1(1)  -4(1) 
N(16) 27(2)  39(2) 34(2)  -19(2) -7(2)  -1(1) 
C(1) 47(3)  36(2) 37(2)  -14(2) -10(2)  -4(2) 
C(2) 61(3)  44(3) 42(3)  -16(2) -9(2)  -7(2) 
C(3) 68(3)  55(3) 37(3)  -17(2) -10(3)  -10(3) 
C(4) 66(4)  52(3) 54(3)  -18(3) -8(3)  -15(3) 
C(5) 75(4)  50(3) 56(3)  -21(3) -10(3)  -19(3) 
C(6) 74(4)  58(3) 44(3)  -23(3) -14(3)  -11(3) 
C(7) 65(3)  46(3) 43(3)  -19(2) -12(3)  -7(2) 
C(8) 73(4)  83(4) 55(4)  -22(3) -9(3)  -27(4) 
C(9) 112(6)  78(4) 57(4)  -23(3) 5(4)  -40(4) 
C(10) 66(4)  65(4) 64(4)  -15(3) -6(3)  -17(3) 
C(11) 89(5)  70(4) 67(4)  -26(3) -12(4)  -31(4) 
C(12) 76(4)  95(5) 70(4)  -37(4) -17(4)  -24(4) 
C(13) 113(6)  76(5) 95(6)  -48(4) -16(5)  -27(4) 
C(14) 55(3)  41(2) 35(2)  -15(2) -14(2)  -2(2) 
C(15) 48(3)  34(2) 33(2)  -16(2) -8(2)  2(2) 
C(16) 46(2)  34(2) 34(2)  -13(2) -11(2)  1(2) 
C(17) 58(3)  41(2) 36(2)  -19(2) 0(2)  -3(2) 
C(18) 67(3)  51(3) 35(2)  -20(2) -2(2)  -8(3) 
C(19) 72(4)  59(3) 32(2)  -22(2) -16(3)  -6(3) 
C(20) 55(3)  52(3) 40(3)  -21(2) -11(2)  -4(2) 
C(21) 49(3)  36(2) 32(2)  -16(2) -10(2)  1(2) 
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C(22) 50(3)  36(2) 31(2)  -15(2) -9(2)  -1(2) 
C(23) 48(3)  46(2) 41(3)  -17(2) -3(2)  -6(2) 
C(24) 57(3)  46(3) 43(3)  -18(2) -3(2)  -5(2) 
C(25) 53(3)  50(3) 52(3)  -19(2) 0(3)  -12(2) 
C(26) 60(3)  66(3) 66(4)  -30(3) 1(3)  -18(3) 
C(27) 60(4)  67(4) 57(3)  -21(3) 13(3)  -17(3) 
C(28) 64(3)  58(3) 43(3)  -19(2) 4(3)  -12(3) 
C(29) 58(3)  48(3) 46(3)  -18(2) -2(3)  -2(2) 
C(30) 60(3)  47(3) 36(2)  -15(2) -2(2)  -4(2) 
C(31) 70(3)  41(2) 30(2)  -15(2) -6(2)  0(2) 
C(32) 76(4)  46(3) 35(2)  -19(2) -6(3)  -4(3) 
C(33) 84(4)  54(3) 35(3)  -19(2) -2(3)  -6(3) 
C(34) 108(5)  49(3) 38(3)  -20(2) -3(3)  -13(3) 
C(35) 120(6)  60(3) 38(3)  -26(3) 3(3)  -14(4) 
C(36) 127(7)  92(5) 50(4)  -36(4) 17(4)  -8(5) 
C(37) 152(8)  68(4) 38(3)  -22(3) -1(4)  -28(5) 
C(38) 97(5)  47(3) 31(2)  -17(2) -11(3)  -6(3) 
C(39) 83(4)  47(3) 36(3)  -18(2) -15(3)  -8(3) 
C(40) 72(4)  41(2) 32(2)  -16(2) -10(2)  1(2) 
C(41) 114(6)  81(4) 37(3)  -30(3) -15(3)  -14(4) 
C(42) 129(7)  97(5) 64(4)  -51(4) -7(4)  -33(5) 
C(43) 141(8)  104(6) 52(4)  -40(4) -39(5)  5(6) 
C(44) 65(3)  42(2) 35(2)  -17(2) -13(2)  0(2) 
C(45) 172(10)  109(6) 47(4)  -45(4) -46(5)  92(7) 
C(46) 111(7)  234(15) 53(5)  -47(7) -24(5)  90(9) 
C(47) 211(15)  390(30) 60(6)  -90(11) -50(8)  204(18) 
C(48) 340(30)  500(40) 116(11)  -195(19) -153(15)  350(30) 
C(49) 500(40)  172(11) 111(8)  -115(9) -192(15)  255(19) 
C(50) 329(19)  106(7) 78(6)  -68(5) -102(9)  129(10) 
C(51) 157(8)  40(3) 41(3)  -16(2) 3(4)  -8(4) 
C(52) 292(15)  63(4) 48(4)  -28(3) 40(6)  -78(7) 
C(53) 269(15)  78(5) 59(4)  -30(4) 38(7)  -90(8) 
C(54) 177(10)  65(4) 62(4)  -21(3) 29(5)  -42(5) 
C(55) 138(7)  57(4) 49(3)  -24(3) 8(4)  -15(4) 
C(56) 113(6)  43(3) 47(3)  -19(2) -5(4)  -4(3) 
C(57) 118(6)  39(3) 37(3)  -16(2) -3(3)  9(3) 
C(58) 98(5)  63(4) 47(3)  -17(3) -2(3)  10(4) 
C(59) 111(6)  66(4) 44(3)  -24(3) -3(4)  5(4) 
C(60) 125(6)  55(3) 45(3)  -20(3) -7(4)  -3(4) 
C(61) 102(5)  45(3) 64(4)  -20(3) -12(4)  -7(3) 
C(62) 105(5)  40(3) 53(3)  -18(2) -1(3)  1(3) 
C(63) 31(2)  39(2) 33(2)  -21(2) 2(2)  -8(2) 
C(64) 31(2)  41(2) 37(2)  -21(2) 1(2)  -8(2) 
C(65) 34(2)  46(2) 38(2)  -25(2) 6(2)  -11(2) 
C(66) 47(3)  54(3) 35(2)  -26(2) 4(2)  -8(2) 
C(67) 34(2)  49(3) 44(3)  -25(2) 10(2)  -10(2) 
387 
 
C(68) 31(2)  47(2) 41(2)  -23(2) 0(2)  -10(2) 
C(69) 30(2)  45(2) 34(2)  -22(2) 3(2)  -8(2) 
C(70) 28(2)  46(2) 38(2)  -25(2) 1(2)  -7(2) 
C(71) 23(2)  46(2) 39(2)  -25(2) -3(2)  -5(2) 
C(72) 28(2)  51(2) 41(2)  -28(2) -5(2)  -2(2) 
C(73) 27(2)  56(3) 50(3)  -30(2) -6(2)  -4(2) 
C(74) 28(2)  64(3) 53(3)  -35(3) -8(2)  -5(2) 
C(75) 31(2)  67(3) 53(3)  -38(3) -7(2)  -2(2) 
C(76) 28(2)  57(3) 44(3)  -31(2) -8(2)  -1(2) 
C(77) 27(2)  50(2) 42(2)  -28(2) -5(2)  -2(2) 
C(78) 27(2)  77(4) 66(3)  -45(3) -4(2)  -11(2) 
C(79) 46(3)  83(4) 87(5)  -41(4) -3(3)  -21(3) 
C(80) 34(2)  79(4) 72(4)  -44(3) -7(3)  -4(3) 
C(81) 32(2)  102(5) 62(4)  -50(4) -15(2)  -7(3) 
C(82) 49(3)  100(5) 58(4)  -22(4) -18(3)  -9(3) 
C(83) 47(3)  129(6) 77(4)  -71(5) 4(3)  -30(4) 
C(84) 28(2)  41(2) 35(2)  -22(2) -7(2)  1(2) 
C(85) 34(2)  33(2) 28(2)  -16(2) -6(2)  -1(2) 
C(86) 28(2)  33(2) 32(2)  -13(2) -2(2)  -4(2) 
C(87) 31(2)  37(2) 30(2)  -11(2) -4(2)  -3(2) 
C(88) 39(2)  40(2) 25(2)  -11(2) -4(2)  -4(2) 
C(89) 32(2)  38(2) 27(2)  -9(2) 2(2)  -5(2) 
C(90) 30(2)  36(2) 33(2)  -14(2) -1(2)  -9(2) 
C(91) 32(2)  32(2) 32(2)  -14(2) -2(2)  -3(2) 
C(92) 42(3)  63(3) 45(3)  -32(2) 3(2)  -6(2) 
C(93) 35(2)  63(3) 28(2)  -20(2) -4(2)  -2(2) 
C(94) 55(3)  76(4) 31(3)  -14(3) -5(2)  -6(3) 
C(95) 38(2)  50(2) 29(2)  -13(2) 3(2)  -10(2) 
C(96) 36(2)  59(3) 36(2)  -22(2) 4(2)  -8(2) 
C(97) 45(3)  54(3) 42(3)  -12(2) 7(2)  -14(2) 
C(98) 28(2)  34(2) 33(2)  -15(2) -2(2)  -4(2) 
C(99) 24(2)  37(2) 36(2)  -19(2) -2(2)  -7(2) 
C(100) 27(2)  39(2) 34(2)  -19(2) -1(2)  -6(2) 
C(101) 30(2)  46(2) 42(2)  -22(2) -6(2)  -6(2) 
C(102) 28(2)  57(3) 50(3)  -27(2) -4(2)  -10(2) 
C(103) 35(2)  54(3) 45(3)  -26(2) -13(2)  -8(2) 
C(104) 34(2)  44(2) 36(2)  -20(2) -5(2)  -10(2) 
C(105) 27(2)  36(2) 37(2)  -19(2) -4(2)  -6(2) 
C(106) 29(2)  36(2) 32(2)  -18(2) -5(2)  -5(2) 
C(107) 45(3)  44(2) 34(2)  -16(2) 8(2)  -12(2) 
C(108) 42(3)  68(3) 38(3)  -22(2) 0(2)  -22(2) 
C(109) 57(3)  88(4) 36(3)  -15(3) -2(3)  -27(3) 
C(110) 131(7)  79(5) 42(3)  -8(3) -9(4)  -14(5) 
C(111) 265(15)  47(4) 53(4)  -9(3) 0(6)  -29(6) 
C(112) 175(9)  49(3) 36(3)  -17(3) 3(4)  -26(4) 
C(113) 38(2)  46(2) 37(2)  -25(2) 1(2)  -5(2) 
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C(114) 47(3)  73(3) 48(3)  -34(3) 11(2)  -25(3) 
C(115) 44(3)  90(4) 73(4)  -50(4) 4(3)  -20(3) 
C(116) 54(3)  77(4) 68(4)  -46(3) -17(3)  -3(3) 
C(117) 73(4)  55(3) 47(3)  -27(3) -11(3)  -6(3) 
C(118) 53(3)  45(2) 37(2)  -21(2) 0(2)  -12(2) 
C(119) 38(2)  35(2) 39(2)  -12(2) 7(2)  -9(2) 
C(120) 50(3)  55(3) 57(3)  -31(3) 20(3)  -14(2) 
C(121) 58(3)  68(4) 69(4)  -36(3) 27(3)  -9(3) 
C(122) 51(3)  57(3) 78(4)  -17(3) 30(3)  -11(3) 
C(123) 45(3)  48(3) 83(4)  -16(3) 10(3)  -17(2) 
C(124) 42(3)  43(2) 56(3)  -20(2) 7(2)  -7(2) 
F(1) 60(2)  63(2) 43(2)  -25(1) 4(1)  -16(2) 
F(2) 89(3)  99(3) 36(2)  -36(2) 4(2)  -23(2) 
F(3) 85(3)  106(3) 40(2)  -36(2) -15(2)  -20(2) 
F(4) 53(2)  80(2) 50(2)  -31(2) -14(2)  -11(2) 
F(5) 53(2)  73(2) 53(2)  -30(2) -8(2)  -12(2) 
F(6) 58(2)  108(3) 76(2)  -39(2) 5(2)  -35(2) 
F(7) 68(2)  107(3) 70(2)  -32(2) 18(2)  -35(2) 
F(8) 69(2)  72(2) 48(2)  -21(2) 13(2)  -13(2) 
F(9) 91(3)  87(2) 42(2)  -31(2) 9(2)  -22(2) 
F(10) 79(2)  70(2) 46(2)  -27(2) -16(2)  -12(2) 
F(11) 136(4)  62(2) 45(2)  -27(2) 4(2)  -18(2) 
F(12) 142(4)  81(3) 52(2)  -22(2) 8(3)  12(3) 
F(13) 154(5)  102(3) 59(2)  -43(2) 13(3)  7(3) 
F(14) 118(4)  142(4) 71(3)  -55(3) 24(3)  -25(3) 
F(15) 181(5)  62(2) 59(2)  -8(2) -34(3)  -27(3) 
F(16) 195(6)  99(3) 49(2)  -34(2) 34(3)  -57(4) 
F(17) 170(5)  76(2) 48(2)  -26(2) 2(3)  -44(3) 
F(18) 126(4)  98(3) 80(3)  -49(3) -5(3)  -40(3) 
F(19) 177(6)  130(4) 83(3)  -62(3) -34(4)  -42(4) 
F(20) 157(5)  82(3) 91(3)  -56(3) 7(3)  -30(3) 
F(21) 112(4)  148(5) 68(3)  -50(3) -35(3)  5(3) 
F(22) 174(5)  115(4) 54(2)  -32(2) -57(3)  21(4) 
F(23) 172(5)  84(3) 67(3)  -44(2) -51(3)  30(3) 
F(24) 154(4)  77(2) 39(2)  -26(2) -22(2)  -10(3) 
F(25) 167(6)  93(3) 127(4)  -69(3) 6(4)  -56(4) 
F(26) 140(5)  115(4) 100(3)  -71(3) -5(3)  -39(3) 
F(27) 121(4)  74(3) 121(4)  -57(3) 6(3)  -21(3) 
F(28) 85(3)  124(4) 96(3)  -50(3) -21(3)  -7(3) 
F(29) 142(5)  150(5) 117(4)  -58(4) -38(4)  -67(4) 
F(30) 103(3)  109(3) 72(3)  -23(3) -27(3)  -26(3) 
F(31) 145(5)  94(3) 82(3)  -36(3) 40(3)  -57(3) 
F(32) 143(4)  75(3) 61(2)  -7(2) -21(3)  -31(3) 
F(33) 138(4)  69(2) 77(3)  -28(2) 13(3)  -42(3) 
F(34) 76(2)  98(3) 74(2)  -36(2) -4(2)  -34(2) 
F(35) 75(2)  66(2) 68(2)  -24(2) 1(2)  -12(2) 
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F(36) 82(3)  89(3) 57(2)  -31(2) 5(2)  -25(2) 
F(37) 67(2)  107(3) 91(3)  -43(3) 7(2)  -25(2) 
F(38) 69(2)  73(2) 42(2)  -22(2) -4(2)  -22(2) 
F(39) 95(3)  79(2) 47(2)  -32(2) -13(2)  -25(2) 
F(40) 123(4)  88(3) 82(3)  -35(2) -2(3)  -54(3) 
F(41) 29(1)  66(2) 46(2)  -29(1) 4(1)  -14(1) 
F(42) 39(1)  69(2) 45(2)  -29(1) 14(1)  -15(1) 
F(43) 51(2)  79(2) 36(1)  -34(1) 11(1)  -19(2) 
F(44) 40(1)  67(2) 36(1)  -30(1) 0(1)  -17(1) 
F(45) 44(1)  58(2) 34(1)  -24(1) -6(1)  -14(1) 
F(46) 41(2)  74(2) 54(2)  -36(2) -11(1)  -18(1) 
F(47) 32(1)  86(2) 67(2)  -41(2) -3(1)  -24(2) 
F(48) 31(1)  65(2) 46(2)  -28(1) 5(1)  -16(1) 
F(49) 31(1)  53(1) 37(1)  -21(1) 1(1)  -12(1) 
F(50) 31(1)  63(2) 36(1)  -27(1) -7(1)  -2(1) 
F(51) 50(2)  68(2) 27(1)  -13(1) 5(1)  -17(1) 
F(52) 42(2)  58(2) 57(2)  -32(1) -1(1)  -7(1) 
F(53) 40(1)  55(2) 40(2)  -20(1) -4(1)  -2(1) 
F(54) 38(2)  80(2) 53(2)  -32(2) 12(1)  -13(1) 
F(55) 43(2)  57(2) 48(2)  -22(1) 7(1)  -19(1) 
F(56) 71(2)  76(2) 48(2)  -12(2) 16(2)  -38(2) 
F(57) 55(2)  43(2) 66(2)  -14(1) 6(2)  -11(1) 
F(58) 79(2)  74(2) 40(2)  -1(2) -11(2)  -13(2) 
F(59) 62(2)  74(2) 47(2)  -13(2) -18(2)  9(2) 
F(60) 85(3)  109(3) 33(2)  -29(2) -11(2)  -13(2) 
F(61) 49(2)  54(2) 45(2)  -25(1) 3(1)  -11(1) 
F(62) 48(2)  81(2) 63(2)  -51(2) 7(2)  -13(2) 
F(63) 42(2)  84(2) 55(2)  -45(2) -4(1)  -7(2) 
F(64) 40(1)  74(2) 37(1)  -31(1) 6(1)  -10(1) 
F(65) 32(1)  79(2) 49(2)  -33(2) 2(1)  -17(1) 
F(66) 38(1)  72(2) 40(2)  -27(1) -7(1)  -7(1) 
F(67) 34(2)  123(3) 72(2)  -57(2) -12(2)  -6(2) 
F(68) 83(3)  129(4) 119(4)  -96(3) 28(3)  -44(3) 
F(69) 48(2)  133(4) 89(3)  -81(3) 7(2)  -19(2) 
F(70) 60(2)  212(6) 87(3)  -100(4) -10(2)  -25(3) 
F(71) 58(2)  142(4) 52(2)  -22(2) -17(2)  -13(2) 
F(72) 60(2)  143(4) 81(3)  -25(3) -41(2)  8(3) 
F(73) 69(2)  85(3) 85(3)  -25(2) -24(2)  -1(2) 
F(74) 28(2)  127(3) 137(4)  -86(3) 2(2)  -19(2) 
F(75) 59(2)  98(3) 78(3)  -39(2) -12(2)  18(2) 
F(76) 39(2)  110(3) 74(2)  -60(2) -6(2)  -3(2) 
F(77) 51(2)  68(2) 160(5)  -34(3) -13(2)  -14(2) 
F(78) 58(2)  92(3) 121(4)  -43(3) -12(2)  -36(2) 
F(79) 71(2)  98(3) 85(3)  -15(2) -22(2)  -36(2) 
F(80) 44(2)  104(3) 86(3)  -65(2) -6(2)  -16(2) 
C(1C) 19(3)  37(4) 26(4)  -9(3) 2(3)  -12(3) 
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Cl(1C) 26(1)  38(1) 35(1)  -15(1) 0(1)  -2(1) 
Cl(2C) 35(1)  51(1) 56(1)  -24(1) 11(1)  -25(1) 
Cl(3C) 30(1)  53(1) 33(1)  -15(1) -6(1)  -8(1) 
C(2C) 67(8)  50(6) 74(9)  -4(6) -21(7)  -10(6) 
Cl(4C) 132(4)  94(3) 114(4)  -14(3) -38(3)  -10(3) 
Cl(5C) 102(3)  69(2) 162(5)  -42(3) -35(3)  -1(2) 
Cl(6C) 101(3)  107(3) 136(5)  -40(3) 19(3)  -19(3) 
C(3C) 80(9)  102(11) 57(7)  20(7) -18(7)  -70(9) 
Cl(7C) 108(3)  120(3) 90(3)  -51(3) 32(2)  -58(3) 
Cl(8C) 87(2)  77(2) 80(2)  -39(2) 3(2)  -18(2) 
Cl(9C) 131(4)  117(3) 56(2)  -33(2) 20(2)  -75(3) 
C(1T) 139(8)  58(4) 66(4)  -34(3) 15(5)  -30(4) 
C(2T) 138(7)  60(4) 55(4)  -31(3) -1(4)  -27(4) 
C(3T) 135(8)  80(5) 69(4)  -44(4) 17(5)  -32(5) 
C(4T) 156(9)  90(6) 91(6)  -57(5) 45(6)  -51(6) 
C(5T) 230(13)  66(5) 72(5)  -43(4) 46(7)  -52(7) 
C(6T) 171(10)  46(3) 65(4)  -25(3) 17(5)  -23(5) 
C(7T) 134(6)  71(3) 78(4)  -38(3) 26(4)  -22(4) 
* The anisotropic displacement factor exponent takes the form: -2π
2
[ h
2
a*
2
U
11
 + ... + 2 h k a
*
 b
*
 
U
12
]. 
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Table K.5 Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2 
x 10
3
) for 
[F40PcZn [3-3] (Ph3P=O)]2 
                                          x                       y                      z                    U(eq) 
H(46) 10143 5093 2454 181 
H(47) 11381 4327 2579 302 
H(48) 11417 3116 2986 419 
H(49) 10214 2670 3269 337 
H(50) 8976 3436 3145 218 
H(52) 7455 3921 2838 153 
H(53) 6437 3591 3555 152 
H(54) 6157 4062 4350 120 
H(55) 6945 4853 4420 97 
H(56) 7951 5214 3679 82 
H(57) 8333 4963 2239 80 
H(58) 9296 4952 1456 89 
H(59) 8855 5080 430 91 
H(60) 7493 5240 177 92 
H(61) 6525 5307 932 86 
H(62) 6942 5176 1960 82 
H(108) 7136 10788 822 57 
H(109) 6922 11801 -124 73 
H(110) 6893 12868 -76 107 
H(111) 7133 12955 899 150 
H(112) 7384 11943 1849 103 
H(114) 8930 10908 1903 62 
H(115) 10030 10835 2544 75 
H(116) 9972 10362 3669 74 
H(117) 8820 9967 4149 68 
H(118) 7720 10013 3513 52 
H(120) 6609 11192 2936 61 
H(121) 5400 11164 3473 76 
H(122) 4536 10425 3440 79 
H(123) 4899 9705 2872 73 
H(124) 6106 9738 2318 56 
H(1C) 6822 -444 9704 33 
H(2C) 732 6064 3849 84 
H(3C) 343 6395 720 105 
H(2T) 7094 1969 3465 97 
H(3T) 8477 1921 3263 106 
H(4T) 8897 2727 2307 123 
H(5T) 7934 3580 1554 138 
H(6T) 6550 3627 1755 111 
H(7T1) 5737 2477 3176 137 
H(7T2) 5551 2722 2417 137 
H(7T3) 5560 3294 2721 137 
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APPENDIX L 
 
CRYSTAL STRUCTURE PARAMETERS OF F52aPcCo [4-2] 
 
Tables L.1 to L.5 list the atomic coordinates and crystallographic parameters for F52aPcCo [4-2]. 
 
Table L.1 Crystal data and structure refinement for [F52aPcCo [4-2] (PhCN)]2 *(PhCN)2 *toluene 
Empirical formula  C65.75H12CoF52N10 
Formula weight  1988.78 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Primitive 
Space group  P-1 
Unit cell dimensions a = 16.4654(3) Å α = 98.346(1)° 
 b = 18.0591(3) Å β = 95.501(1)° 
 c = 25.4373(4) Å γ = 92.567(1)° 
Volume 7436.0(2) Å
3
 
Z 4 
Density (calculated) 1.776 g/cm
3
 
Absorption coefficient 3.494 mm
-1
 
F(000) 3886 
Crystal size 0.27 x 0.27 x 0.13 mm
3
 
Theta range for data collection 1.76 to 70.52° 
Index ranges -19<=h<=19, -22<=k<=20, -30<=l<=31 
Reflections collected 73720 
Independent reflections 25649 [R(int) = 0.0373] 
Completeness to theta = 70.52° 90.1 %  
Max. and min. transmission 0.6673 and 0.4522 
Refinement method Full-matrix-block least-squares on F
2
 
Data / restraints / parameters 25649 / 6 / 2203 
Goodness-of-fit on F
2
 1.051 
Final R indices [I>2sigma(I)] R1 = 0.0875, wR2 = 0.2512 
R indices (all data) R1 = 0.0988, wR2 = 0.2614 
Largest diff. peak and hole 3.112 and -0.907 e.Å
-3
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Table L.2 Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å
2
 x 
10
3
) for [F52aPcCo [4-2] (PhCN)]2 *(PhCN)2 *toluene
*
 
 x y z U(eq) 
C(122) 7098(4) 3727(4) -91(2) 89(3) 
C(123) 7357(4) 3282(3) 287(2) 77(3) 
C(124) 7096(4) 3405(3) 795(2) 87(3) 
C(125) 6575(4) 3973(4) 924(2) 78(3) 
C(126) 6315(3) 4418(3) 545(2) 74(3) 
C(127) 6576(4) 4295(4) 38(2) 97(4) 
C(115) 6550(4) 3912(3) 2807(2) 81(3) 
C(120) 6147(4) 4563(3) 2760(2) 77(3) 
C(119) 5722(4) 4886(3) 3173(3) 78(3) 
C(118) 5700(4) 4558(4) 3633(2) 125(5) 
C(117) 6102(4) 3906(4) 3681(2) 61(2) 
C(116) 6527(4) 3584(3) 3268(3) 110(5) 
C(5SA) 4905(13) 83(12) 349(6) 36(5) 
C(3SA) 4626(15) 498(12) -44(7) 36(5) 
C(4SA) 4850(16) 326(12) -559(6) 36(5) 
C(1S) 5353(12) -259(11) -680(6) 36(5) 
C(2SA) 5632(12) -674(10) -287(8) 36(5) 
C(3S) 5407(13) -503(10) 228(7) 36(5) 
C(5T) 5117(13) -48(12) -247(5) 28(4) 
C(3T) 5424(14) -499(11) 115(6) 28(4) 
C(4T) 5233(13) -377(10) 640(6) 28(4) 
C(1TA) 4735(11) 196(10) 803(6) 28(4) 
C(2TA) 4427(10) 647(9) 441(7) 28(4) 
C(3TA) 4618(12) 525(10) -84(7) 28(4) 
Co(1) 3781(1) 8863(1) 7349(1) 15(1) 
N(1) 2991(2) 9602(2) 7228(2) 18(1) 
N(2) 3517(2) 8922(2) 8075(2) 18(1) 
N(3) 4462(2) 8043(2) 7451(2) 19(1) 
N(4) 3960(2) 8735(2) 6605(1) 17(1) 
N(5) 4774(2) 9692(2) 7571(2) 22(1) 
N(6) 2570(2) 9914(2) 8112(2) 20(1) 
N(7) 4323(2) 7946(2) 8378(2) 21(1) 
N(8) 4917(2) 7755(2) 6572(2) 21(1) 
N(9) 3054(2) 9627(2) 6281(2) 19(1) 
Co(2) 9133(1) 4269(1) 2021(1) 17(1) 
N(10) 8847(2) 4320(2) 2741(2) 22(1) 
N(11) 9817(2) 3456(2) 2130(2) 20(1) 
N(12) 9327(2) 4132(2) 1277(2) 20(1) 
N(13) 8352(2) 4997(2) 1886(2) 20(1) 
N(14) 10104(3) 5102(2) 2246(2) 24(1) 
N(15) 7946(3) 5346(3) 2775(2) 33(1) 
N(16) 9615(3) 3330(2) 3046(2) 25(1) 
394 
 
N(17) 10340(2) 3204(2) 1271(2) 22(1) 
N(18) 8426(2) 5015(2) 941(2) 22(1) 
N(19) 7383(10) 3335(7) 2050(6) 207(9) 
N(20) 7621(11) 3430(8) -1007(5) 189(8) 
C(1) 2772(3) 9829(3) 6745(2) 20(1) 
C(2) 2138(3) 10361(3) 6808(2) 20(1) 
C(3) 1684(3) 10734(3) 6456(2) 23(1) 
C(4) 1074(3) 11207(3) 6612(2) 25(1) 
C(5) 970(3) 11346(3) 7173(2) 23(1) 
C(6) 1425(3) 10941(3) 7512(2) 21(1) 
C(7) 1999(3) 10454(3) 7341(2) 20(1) 
C(8) 2546(3) 9972(3) 7597(2) 20(1) 
C(9) 552(4) 11483(4) 6150(2) 41(2) 
C(10) 227(1) 10828(2) 5656(1) 54(2) 
F(27) 218(2) 10173(2) 5825(1) 57(1) 
F(28) 717(2) 10824(2) 5276(1) 69(1) 
F(29) -518(2) 10957(2) 5466(1) 85(2) 
C(11) 977(2) 12169(2) 5945(1) 57(2) 
F(24) 1070(2) 12742(2) 6327(2) 69(1) 
F(25) 522(2) 12344(2) 5536(2) 92(2) 
F(26) 1691(2) 11990(2) 5800(1) 66(1) 
C(12) 437(3) 11945(3) 7443(2) 26(1) 
C(13) 888(1) 12448(1) 7981(1) 31(1) 
F(34) 1684(1) 12450(1) 7968(1) 36(1) 
F(35) 689(2) 12163(1) 8402(1) 39(1) 
F(36) 656(2) 13139(1) 8010(1) 42(1) 
C(14) -418(1) 11616(1) 7555(1) 32(1) 
F(31) -313(1) 11074(1) 7843(1) 43(1) 
F(32) -850(1) 11351(2) 7099(1) 47(1) 
F(33) -807(1) 12150(1) 7816(1) 38(1) 
C(15) 3017(3) 9422(3) 8319(2) 19(1) 
C(16) 3007(3) 9319(3) 8878(2) 22(1) 
C(17) 2613(3) 9679(3) 9292(2) 26(1) 
C(18) 2738(4) 9437(3) 9787(2) 32(1) 
C(19) 3243(3) 8873(3) 9865(2) 29(1) 
C(20) 3643(3) 8511(3) 9455(2) 24(1) 
C(21) 3514(3) 8735(3) 8955(2) 20(1) 
C(22) 3821(3) 8495(3) 8446(2) 19(1) 
C(23) 4610(3) 7739(3) 7915(2) 20(1) 
C(24) 5155(3) 7134(3) 7828(2) 23(1) 
C(25) 5482(3) 6637(3) 8144(2) 24(1) 
C(26) 6018(3) 6097(3) 7966(2) 26(1) 
C(27) 6264(3) 6092(3) 7431(2) 23(1) 
C(28) 5886(3) 6576(3) 7122(2) 24(1) 
C(29) 5346(3) 7096(3) 7307(2) 20(1) 
C(30) 4897(3) 7663(3) 7074(2) 19(1) 
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C(31) 6276(4) 5551(3) 8355(2) 33(1) 
C(32) 5562(1) 5228(1) 8672(1) 39(1) 
F(15) 4850(2) 5237(1) 8390(1) 40(1) 
F(16) 5556(2) 5651(2) 9139(1) 44(1) 
F(17) 5701(2) 4536(1) 8743(1) 49(1) 
C(33) 7029(1) 5903(1) 8771(1) 41(1) 
F(18) 7211(2) 5434(2) 9108(1) 62(1) 
F(19) 6831(2) 6539(2) 9035(1) 47(1) 
F(20) 7664(2) 6026(2) 8513(1) 50(1) 
C(34) 6938(3) 5630(3) 7181(2) 29(1) 
C(35) 6591(1) 4909(1) 6783(1) 36(1) 
F(7) 6105(2) 5108(1) 6392(1) 39(1) 
F(11) 6175(2) 4463(1) 7041(1) 40(1) 
F(12) 7201(2) 4554(1) 6585(1) 45(1) 
C(36) 7587(1) 6122(1) 6910(1) 34(1) 
F(8) 7595(1) 6830(1) 7125(1) 35(1) 
F(9) 7370(1) 6058(1) 6393(1) 39(1) 
F(10) 8322(1) 5875(1) 6992(1) 44(1) 
C(37) 4477(3) 8244(3) 6361(2) 19(1) 
C(38) 4444(3) 8325(3) 5796(2) 21(1) 
C(39) 4822(3) 7991(3) 5372(2) 25(1) 
C(40) 4675(3) 8170(3) 4858(2) 26(1) 
C(41) 4087(3) 8716(3) 4768(2) 23(1) 
C(42) 3751(3) 9074(3) 5215(2) 22(1) 
C(43) 3907(3) 8878(3) 5717(2) 22(1) 
C(44) 5190(4) 7753(3) 4443(2) 36(1) 
C(45) 6155(2) 7767(2) 4632(1) 50(2) 
F(40) 6363(2) 8355(2) 4996(1) 58(1) 
F(41) 6571(1) 7803(2) 4220(1) 71(1) 
F(42) 6317(2) 7154(2) 4834(1) 65(1) 
C(46) 4816(2) 6931(1) 4230(1) 50(2) 
F(43) 4732(2) 6570(1) 4636(1) 59(1) 
F(44) 5307(2) 6577(1) 3915(1) 74(2) 
F(45) 4099(2) 6961(1) 3963(1) 61(1) 
C(47) 3803(3) 8978(3) 4229(2) 26(1) 
C(48) 4342(1) 9685(1) 4142(1) 31(1) 
F(50) 4292(2) 10235(1) 4538(1) 33(1) 
F(51) 4076(2) 9902(1) 3685(1) 47(1) 
F(52) 5111(2) 9510(1) 4129(1) 41(1) 
C(49) 2841(1) 9121(1) 4123(1) 32(1) 
F(47) 2722(1) 9828(1) 4293(1) 37(1) 
F(48) 2415(1) 8686(1) 4382(1) 38(1) 
F(49) 2605(1) 8966(2) 3608(1) 41(1) 
C(50) 5298(3) 10141(3) 7703(2) 20(1) 
C(51) 5953(3) 10701(3) 7871(2) 20(1) 
C(52) 5936(3) 11208(3) 8339(2) 25(1) 
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C(53) 6578(3) 11732(3) 8496(2) 28(1) 
C(54) 7228(3) 11760(3) 8187(2) 32(1) 
C(55) 7243(3) 11266(3) 7720(2) 29(1) 
C(56) 6603(3) 10737(3) 7561(2) 25(1) 
C(57) 9954(3) 3162(3) 2599(2) 21(1) 
C(58) 10543(3) 2586(3) 2533(2) 23(1) 
C(59) 10895(3) 2125(3) 2863(2) 24(1) 
C(60) 11466(3) 1613(3) 2707(2) 26(1) 
C(61) 11709(3) 1596(3) 2172(2) 24(1) 
C(62) 11307(3) 2037(3) 1845(2) 22(1) 
C(63) 10739(3) 2544(3) 2015(2) 21(1) 
C(64) 10277(3) 3097(3) 1768(2) 20(1) 
C(65) 11805(3) 1141(3) 3132(2) 31(1) 
C(66) 12524(4) 1568(3) 3505(2) 37(1) 
C(67) 11139(4) 818(4) 3471(3) 43(2) 
C(68) 12382(3) 1135(3) 1915(2) 26(1) 
C(69) 12023(4) 394(3) 1571(2) 34(1) 
C(70) 12964(3) 1580(3) 1593(2) 33(1) 
C(71) 9888(3) 3681(3) 1053(2) 21(1) 
C(72) 9905(3) 3774(3) 488(2) 24(1) 
C(73) 10376(4) 3484(3) 98(2) 32(1) 
C(74) 10217(4) 3678(3) -407(2) 32(1) 
C(75) 9610(4) 4144(3) -519(2) 32(1) 
C(76) 9146(3) 4453(3) -122(2) 26(1) 
C(77) 9297(3) 4270(3) 382(2) 24(1) 
C(78) 8968(3) 4499(3) 890(2) 21(1) 
C(79) 8154(3) 5242(3) 1405(2) 21(1) 
C(80) 7568(3) 5821(3) 1477(2) 22(1) 
C(81) 7177(3) 6255(3) 1140(2) 26(1) 
C(82) 6646(3) 6799(3) 1313(2) 27(1) 
C(83) 6464(3) 6862(3) 1862(2) 24(1) 
C(84) 6885(3) 6432(3) 2191(2) 27(1) 
C(85) 7434(3) 5913(3) 2011(2) 25(1) 
C(86) 7937(3) 5398(3) 2265(2) 25(1) 
C(87) 5825(3) 7356(3) 2126(2) 33(1) 
C(88) 6191(4) 8098(3) 2437(3) 45(2) 
C(89) 5244(4) 6911(4) 2480(3) 51(2) 
C(90) 6346(4) 7292(3) 893(2) 34(1) 
C(91) 7075(5) 7591(4) 573(3) 48(2) 
C(92) 5640(5) 6916(4) 490(3) 51(2) 
C(93) 9097(3) 3866(3) 3103(2) 22(1) 
C(94) 8721(3) 4062(3) 3588(2) 27(1) 
C(95) 8684(4) 3752(3) 4059(2) 33(1) 
C(96) 8274(4) 4053(4) 4474(2) 43(2) 
C(97) 7985(5) 4800(4) 4467(3) 54(2) 
C(98) 7986(4) 5081(4) 3985(3) 50(2) 
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C(99) 8292(4) 4689(3) 3536(2) 38(1) 
C(100) 8356(4) 4826(3) 2986(2) 32(1) 
C(101) 7766(5) 5356(4) 4957(3) 55(2) 
C(102) 6838(4) 5415(4) 4960(3) 47(2) 
C(103) 8228(5) 6153(5) 5010(3) 59(2) 
C(104) 8182(5) 3584(4) 4926(3) 55(2) 
C(105) 8913(7) 3519(6) 5308(4) 80(3) 
C(106) 7805(6) 2746(4) 4711(4) 64(2) 
C(107) 10625(3) 5548(3) 2380(2) 23(1) 
C(108) 11291(3) 6098(3) 2551(2) 22(1) 
C(109) 11329(3) 6541(3) 3049(2) 30(1) 
C(110) 11995(4) 7046(3) 3209(2) 34(1) 
C(111) 12605(4) 7103(3) 2880(2) 36(1) 
C(112) 12560(3) 6670(3) 2384(2) 30(1) 
C(113) 11907(3) 6161(3) 2213(2) 26(1) 
C(114) 6987(8) 3544(10) 2407(4) 147(7) 
C(121) 7367(9) 3564(8) -575(4) 146(7) 
C(43A) 3602(3) 9124(2) 6228(2) 18(1) 
F(1) 4128(2) 7966(2) 9550(1) 31(1) 
F(2) 3339(2) 8658(2) 10349(1) 39(1) 
F(3) 2366(2) 9776(2) 10196(1) 46(1) 
F(4) 2129(2) 10239(2) 9234(1) 36(1) 
F(5) 5283(2) 6681(2) 8642(1) 31(1) 
F(6) 6070(2) 6563(2) 6616(1) 26(1) 
F(13) 7439(2) 5373(2) 7560(1) 35(1) 
F(14) 6525(2) 4903(2) 8088(1) 36(1) 
F(21) 1816(2) 10608(2) 5945(1) 33(1) 
F(22) 1310(2) 11027(2) 8032(1) 28(1) 
F(23) -174(2) 11727(2) 6312(1) 45(1) 
F(30) 290(2) 12480(2) 7125(1) 34(1) 
F(37) 3248(2) 9620(2) 5162(1) 29(1) 
F(38) 5357(2) 7479(2) 5469(1) 35(1) 
F(39) 5194(2) 8092(2) 3996(1) 42(1) 
F(46) 3881(2) 8418(2) 3814(1) 34(1) 
F(53) 10688(2) 2188(2) 3362(1) 34(1) 
F(54) 11483(2) 2008(2) 1335(1) 28(1) 
F(55) 12094(2) 493(2) 2890(1) 34(1) 
F(56) 12290(2) 2204(2) 3757(1) 44(1) 
F(57) 13130(2) 1739(2) 3226(1) 41(1) 
F(58) 12803(3) 1150(2) 3857(2) 55(1) 
F(59) 10417(2) 702(2) 3188(2) 58(1) 
F(60) 11073(3) 1238(2) 3926(2) 56(1) 
F(61) 11370(3) 152(2) 3582(2) 58(1) 
F(62) 12925(2) 920(2) 2299(1) 34(1) 
F(63) 12985(2) 2317(2) 1772(1) 36(1) 
F(64) 12760(2) 1466(2) 1073(1) 37(1) 
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F(65) 13719(2) 1371(2) 1675(2) 45(1) 
F(66) 11489(2) 524(2) 1165(1) 39(1) 
F(67) 12613(2) 8(2) 1367(1) 41(1) 
F(68) 11628(2) -25(2) 1861(1) 39(1) 
F(69) 10997(2) 3047(2) 192(1) 46(1) 
F(70) 10668(2) 3411(2) -798(1) 46(1) 
F(71) 9480(2) 4320(2) -1013(1) 38(1) 
F(72) 8579(2) 4928(2) -244(1) 32(1) 
F(73) 7336(2) 6161(2) 631(1) 35(1) 
F(74) 6758(2) 6498(2) 2708(1) 35(1) 
F(75) 6087(2) 7950(2) 1133(2) 48(1) 
F(76) 7767(2) 7643(2) 843(2) 47(1) 
F(77) 7101(3) 7165(2) 94(2) 58(1) 
F(78) 6874(3) 8274(2) 465(2) 58(1) 
F(79) 5785(3) 6241(2) 269(2) 65(1) 
F(80) 5416(3) 7331(3) 133(2) 71(1) 
F(81) 4976(3) 6819(3) 763(2) 64(1) 
F(82) 5252(2) 7520(2) 1733(2) 44(1) 
F(83) 5631(3) 8471(2) 2684(2) 62(1) 
F(84) 6803(3) 7983(2) 2799(1) 50(1) 
F(85) 6496(3) 8526(2) 2109(2) 58(1) 
F(86) 5529(2) 7074(2) 2991(2) 54(1) 
F(87) 4522(2) 7192(3) 2428(2) 67(1) 
F(88) 5201(2) 6203(2) 2322(2) 53(1) 
F(89) 7664(3) 5729(2) 3936(2) 56(1) 
F(90) 9062(3) 3119(2) 4084(2) 64(1) 
F(91) 8047(3) 5116(3) 5417(2) 68(1) 
F(92) 6478(3) 4777(3) 5026(2) 85(2) 
F(93) 6518(3) 5660(2) 4547(2) 61(1) 
F(94) 6704(3) 5908(3) 5385(2) 76(1) 
F(95) 7821(3) 6650(3) 4779(2) 71(1) 
F(96) 8394(4) 6432(3) 5516(2) 92(2) 
F(97) 8937(3) 6083(3) 4787(2) 84(2) 
F(98) 7606(3) 3864(3) 5238(2) 76(2) 
F(99) 8744(4) 3030(3) 5641(2) 84(2) 
F(100) 9140(4) 4188(4) 5627(2) 96(2) 
F(101) 9546(3) 3307(3) 5073(2) 79(2) 
F(102) 8341(4) 2255(3) 4643(2) 83(2) 
F(103) 7355(4) 2721(3) 4221(2) 90(2) 
F(104) 7260(4) 2535(3) 5013(2) 86(2) 
C(1T) 5328(18) -221(17) -844(10) 27(7) 
C(1SA) 4740(30) 220(30) 959(12) 80(18) 
* U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table L.3 Bond lengths (Å) and angles (°) for [F52aPcCo [4-2] (PhCN)]2 *(PhCN)2 *toluene 
______________________________________________________________________________ 
Co(1)-N(2)  1.925(4) 
Co(1)-N(4)  1.927(4) 
Co(1)-N(3)  1.929(4) 
Co(1)-N(1)  1.941(4) 
Co(1)-N(5)  2.143(4) 
 
Co(2)-N(13)  1.922(4) 
Co(2)-N(10)  1.924(4) 
Co(2)-N(11)  1.927(4) 
Co(2)-N(12)  1.932(4) 
Co(2)-N(14)  2.124(4)
 
C(122)-C(121)  1.346(12) 
C(122)-C(123)  1.3900 
C(122)-C(127)  1.3900 
C(123)-C(124)  1.3900 
C(123)-H(123)  0.9500 
C(124)-C(125)  1.3900 
C(124)-H(124)  0.9500 
C(125)-C(126)  1.3900 
C(125)-H(125)  0.9500 
C(126)-C(127)  1.3900 
C(126)-H(126)  0.9500 
C(127)-H(127)  0.9500 
C(115)-C(120)  1.3900 
C(115)-C(116)  1.3900 
C(115)-C(114)  1.409(14) 
C(120)-C(119)  1.3900 
C(120)-H(120)  0.9500 
C(119)-C(118)  1.3900 
C(119)-H(119)  0.9500 
C(118)-C(117)  1.3900 
C(118)-H(118)  0.9500 
C(117)-C(116)  1.3900 
C(117)-H(117)  0.9500 
C(116)-H(116)  0.9500 
C(5SA)-C(3SA)  1.3900 
C(5SA)-C(3S)  1.3900 
C(5SA)-C(1SA)  1.59(3) 
C(3SA)-C(4SA)  1.3900 
C(3SA)-H(3SA)  0.9500 
C(4SA)-C(1S)  1.3900 
C(4SA)-H(4SA)  0.9500 
C(1S)-C(2SA)  1.3900 
C(1S)-H(1S)  0.9500 
C(2SA)-C(3S)  1.3900 
C(2SA)-H(2SA)  0.9500 
C(3S)-H(3S)  0.9500 
C(5T)-C(3T)  1.3900 
C(5T)-C(3TA)  1.3900 
C(5T)-C(1T)  1.58(2) 
C(3T)-C(4T)  1.3900 
C(3T)-H(3T)  0.9500 
C(4T)-C(1TA)  1.3900 
C(4T)-H(4T)  0.9500 
C(1TA)-C(2TA)  1.3900 
C(1TA)-H(1TA)  0.9500 
C(2TA)-C(3TA)  1.3900 
C(2TA)-H(2TA)  0.9500 
C(3TA)-H(3TA)  0.9500 
N(1)-C(8)  1.364(6) 
N(1)-C(1)  1.371(6) 
N(2)-C(15)  1.372(6) 
N(2)-C(22)  1.376(6) 
N(3)-C(30)  1.374(6) 
N(3)-C(23)  1.378(6) 
N(4)-C(43A)  1.373(4) 
N(4)-C(37)  1.381(6) 
N(5)-C(50)  1.147(6) 
N(6)-C(15)  1.315(6) 
N(6)-C(8)  1.327(6) 
N(7)-C(23)  1.320(6) 
N(7)-C(22)  1.322(6) 
N(8)-C(37)  1.309(6) 
N(8)-C(30)  1.315(6) 
N(9)-C(43A)  1.311(4) 
N(9)-C(1)  1.318(6) 
N(10)-C(93)  1.366(5) 
N(10)-C(100)  1.369(5) 
N(11)-C(64)  1.358(6) 
N(11)-C(57)  1.378(6) 
N(12)-C(78)  1.367(6) 
N(12)-C(71)  1.370(6) 
N(13)-C(86)  1.374(5) 
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N(13)-C(79)  1.376(6) 
N(14)-C(107)  1.141(5) 
N(15)-C(86)  1.314(5) 
N(15)-C(100)  1.327(5) 
N(16)-C(57)  1.315(6) 
N(16)-C(93)  1.321(5) 
N(17)-C(71)  1.312(6) 
N(17)-C(64)  1.322(6) 
N(18)-C(79)  1.320(6) 
N(18)-C(78)  1.320(6) 
N(19)-C(114)  1.20(2) 
N(20)-C(121)  1.209(12) 
C(1)-C(2)  1.454(6) 
C(2)-C(3)  1.380(7) 
C(2)-C(7)  1.384(7) 
C(3)-C(4)  1.397(7) 
C(4)-C(5)  1.442(7) 
C(4)-C(9)  1.543(7) 
C(5)-C(6)  1.395(7) 
C(5)-C(12)  1.547(6) 
C(6)-C(7)  1.378(7) 
C(7)-C(8)  1.454(7) 
C(9)-C(11)  1.575(7) 
C(9)-C(10)  1.628(7) 
C(12)-C(14)  1.570(5) 
C(12)-C(13)  1.625(6) 
C(15)-C(16)  1.460(6) 
C(16)-C(17)  1.387(7) 
C(16)-C(21)  1.398(7) 
C(17)-C(18)  1.392(7) 
C(18)-C(19)  1.369(8) 
C(19)-C(20)  1.386(7) 
C(20)-C(21)  1.389(7) 
C(21)-C(22)  1.450(6) 
C(23)-C(24)  1.451(6) 
C(24)-C(25)  1.382(7) 
C(24)-C(29)  1.385(7) 
C(25)-C(26)  1.399(7) 
C(26)-C(27)  1.456(7) 
C(26)-C(31)  1.540(7) 
C(27)-C(28)  1.387(7) 
C(27)-C(34)  1.548(7) 
C(28)-C(29)  1.385(7) 
C(29)-C(30)  1.452(7) 
C(31)-C(33)  1.595(6) 
C(31)-C(32)  1.620(6) 
C(34)-C(35)  1.578(6) 
C(34)-C(36)  1.624(6) 
C(37)-C(38)  1.461(6) 
C(38)-C(39)  1.374(7) 
C(38)-C(43)  1.387(7) 
C(39)-C(40)  1.393(7) 
C(40)-C(41)  1.438(7) 
C(40)-C(44)  1.550(7) 
C(41)-C(42)  1.399(7) 
C(41)-C(47)  1.552(7) 
C(42)-C(43)  1.377(7) 
C(43)-C(43A)  1.455(6) 
C(44)-C(46)  1.581(7) 
C(44)-C(45)  1.613(7) 
C(47)-C(48)  1.577(5) 
C(47)-C(49)  1.619(6) 
C(50)-C(51)  1.435(7) 
C(51)-C(56)  1.394(7) 
C(51)-C(52)  1.396(7) 
C(52)-C(53)  1.375(8) 
C(52)-H(52)  0.9500 
C(53)-C(54)  1.392(8) 
C(53)-H(53)  0.9500 
C(54)-C(55)  1.379(8) 
C(54)-H(54)  0.9500 
C(55)-C(56)  1.380(8) 
C(55)-H(55)  0.9500 
C(56)-H(56)  0.9500 
C(57)-C(58)  1.456(6) 
C(58)-C(59)  1.373(7) 
C(58)-C(63)  1.378(7) 
C(59)-C(60)  1.392(7) 
C(60)-C(61)  1.452(7) 
C(60)-C(65)  1.549(7) 
C(61)-C(62)  1.379(7) 
C(61)-C(68)  1.553(7) 
C(62)-C(63)  1.393(7) 
C(63)-C(64)  1.458(7) 
C(65)-C(66)  1.544(8) 
C(65)-C(67)  1.598(8) 
C(68)-C(69)  1.547(8) 
C(68)-C(70)  1.584(8) 
C(71)-C(72)  1.472(7) 
C(72)-C(73)  1.377(7) 
C(72)-C(77)  1.406(7) 
C(73)-C(74)  1.383(8) 
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C(74)-C(75)  1.370(8) 
C(75)-C(76)  1.391(8) 
C(76)-C(77)  1.372(7) 
C(77)-C(78)  1.461(7) 
C(79)-C(80)  1.458(6) 
C(80)-C(81)  1.377(7) 
C(80)-C(85)  1.386(7) 
C(81)-C(82)  1.396(7) 
C(82)-C(83)  1.445(8) 
C(82)-C(90)  1.547(8) 
C(83)-C(84)  1.382(7) 
C(83)-C(87)  1.548(7) 
C(84)-C(85)  1.391(7) 
C(85)-C(86)  1.452(7) 
C(87)-C(88)  1.521(9) 
C(87)-C(89)  1.637(10) 
C(90)-C(92)  1.536(8) 
C(90)-C(91)  1.630(10) 
C(93)-C(94)  1.439(7) 
C(94)-C(99)  1.377(7) 
C(94)-C(95)  1.399(7) 
C(95)-C(96)  1.367(8) 
C(96)-C(97)  1.453(9) 
C(96)-C(104)  1.538(8) 
C(97)-C(98)  1.394(9) 
C(97)-C(101)  1.564(11) 
C(98)-C(99)  1.402(9) 
C(99)-C(100)  1.468(7) 
C(101)-C(102)  1.537(10) 
C(101)-C(103)  1.580(12) 
C(104)-C(105)  1.493(13) 
C(104)-C(106)  1.607(12) 
C(107)-C(108)  1.437(7) 
C(108)-C(109)  1.390(7) 
C(108)-C(113)  1.403(7) 
C(109)-C(110)  1.384(8) 
C(109)-H(109)  0.9500 
C(110)-C(111)  1.378(9) 
C(110)-H(110)  0.9500 
C(111)-C(112)  1.378(8) 
C(111)-H(111)  0.9500 
C(112)-C(113)  1.377(8) 
C(112)-H(112)  0.9500 
C(113)-H(113)  0.9500 
C(1T)-H(1T1)  0.9800 
C(1T)-H(1T2)  0.9800 
C(1T)-H(1T3)  0.9800 
C(1SA)-H(1S1)  0.9800 
C(1SA)-H(1S2)  0.9800 
C(1SA)-H(1S3)  0.9800
 
N(2)-Co(1)-N(4) 174.60(16) 
N(2)-Co(1)-N(3) 89.94(16) 
N(4)-Co(1)-N(3) 89.84(16) 
N(2)-Co(1)-N(1) 89.47(16) 
N(4)-Co(1)-N(1) 90.13(16) 
N(3)-Co(1)-N(1) 173.38(17) 
N(2)-Co(1)-N(5) 92.29(16) 
N(4)-Co(1)-N(5) 93.11(16) 
N(3)-Co(1)-N(5) 93.30(16) 
N(1)-Co(1)-N(5) 93.30(16) 
 
N(13)-Co(2)-N(10) 90.06(16) 
N(13)-Co(2)-N(11) 173.62(17) 
N(10)-Co(2)-N(11) 89.84(16) 
N(13)-Co(2)-N(12) 89.92(17) 
N(10)-Co(2)-N(12) 173.78(17) 
N(11)-Co(2)-N(12) 89.50(17) 
N(13)-Co(2)-N(14) 92.72(16) 
N(10)-Co(2)-N(14) 92.84(16) 
N(11)-Co(2)-N(14) 93.65(16) 
N(12)-Co(2)-N(14) 93.38(16)
 
C(121)-C(122)-C(123) 116.4(8) 
C(121)-C(122)-C(127) 123.6(8) 
C(123)-C(122)-C(127) 120.0 
C(122)-C(123)-C(124) 120.0 
C(122)-C(123)-H(123) 120.0 
C(124)-C(123)-H(123) 120.0 
C(125)-C(124)-C(123) 120.0 
C(125)-C(124)-H(124) 120.0 
C(123)-C(124)-H(124) 120.0 
C(124)-C(125)-C(126) 120.0 
C(124)-C(125)-H(125) 120.0 
C(126)-C(125)-H(125) 120.0 
C(127)-C(126)-C(125) 120.0 
C(127)-C(126)-H(126) 120.0 
C(125)-C(126)-H(126) 120.0 
C(126)-C(127)-C(122) 120.0 
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C(126)-C(127)-H(127) 120.0 
C(122)-C(127)-H(127) 120.0 
C(120)-C(115)-C(116) 120.0 
C(120)-C(115)-C(114) 123.8(7) 
C(116)-C(115)-C(114) 116.2(7) 
C(115)-C(120)-C(119) 120.0 
C(115)-C(120)-H(120) 120.0 
C(119)-C(120)-H(120) 120.0 
C(118)-C(119)-C(120) 120.0 
C(118)-C(119)-H(119) 120.0 
C(120)-C(119)-H(119) 120.0 
C(119)-C(118)-C(117) 120.0 
C(119)-C(118)-H(118) 120.0 
C(117)-C(118)-H(118) 120.0 
C(116)-C(117)-C(118) 120.0 
C(116)-C(117)-H(117) 120.0 
C(118)-C(117)-H(117) 120.0 
C(117)-C(116)-C(115) 120.0 
C(117)-C(116)-H(116) 120.0 
C(115)-C(116)-H(116) 120.0 
C(3SA)-C(5SA)-C(3S) 120.0 
C(3SA)-C(5SA)-C(1SA) 127(2) 
C(3S)-C(5SA)-C(1SA) 113(2) 
C(4SA)-C(3SA)-C(5SA) 120.0 
C(4SA)-C(3SA)-H(3SA) 120.0 
C(5SA)-C(3SA)-H(3SA) 120.0 
C(3SA)-C(4SA)-C(1S) 120.0 
C(3SA)-C(4SA)-H(4SA) 120.0 
C(1S)-C(4SA)-H(4SA) 120.0 
C(2SA)-C(1S)-C(4SA) 120.0 
C(2SA)-C(1S)-H(1S) 120.0 
C(4SA)-C(1S)-H(1S) 120.0 
C(1S)-C(2SA)-C(3S) 120.0 
C(1S)-C(2SA)-H(2SA) 120.0 
C(3S)-C(2SA)-H(2SA) 120.0 
C(2SA)-C(3S)-C(5SA) 120.0 
C(2SA)-C(3S)-H(3S) 120.0 
C(5SA)-C(3S)-H(3S) 120.0 
C(3T)-C(5T)-C(3TA) 120.0 
C(3T)-C(5T)-C(1T) 118.4(13) 
C(3TA)-C(5T)-C(1T) 121.6(13) 
C(5T)-C(3T)-C(4T) 120.0 
C(5T)-C(3T)-H(3T) 120.0 
C(4T)-C(3T)-H(3T) 120.0 
C(1TA)-C(4T)-C(3T) 120.0 
C(1TA)-C(4T)-H(4T) 120.0 
C(3T)-C(4T)-H(4T) 120.0 
C(4T)-C(1TA)-C(2TA) 120.0 
C(4T)-C(1TA)-H(1TA) 120.0 
C(2TA)-C(1TA)-H(1TA) 120.0 
C(1TA)-C(2TA)-C(3TA) 120.0 
C(1TA)-C(2TA)-H(2TA) 120.0 
C(3TA)-C(2TA)-H(2TA) 120.0 
C(2TA)-C(3TA)-C(5T) 120.0 
C(2TA)-C(3TA)-H(3TA) 120.0 
C(5T)-C(3TA)-H(3TA) 120.0 
C(8)-N(1)-C(1) 108.2(4) 
C(8)-N(1)-Co(1) 126.7(3) 
C(1)-N(1)-Co(1) 125.2(3) 
C(15)-N(2)-C(22) 107.9(4) 
C(15)-N(2)-Co(1) 125.8(3) 
C(22)-N(2)-Co(1) 126.3(3) 
C(30)-N(3)-C(23) 107.6(4) 
C(30)-N(3)-Co(1) 126.0(3) 
C(23)-N(3)-Co(1) 126.4(3) 
C(43A)-N(4)-C(37) 108.3(3) 
C(43A)-N(4)-Co(1) 125.8(2) 
C(37)-N(4)-Co(1) 125.9(3) 
C(50)-N(5)-Co(1) 178.2(4) 
C(15)-N(6)-C(8) 121.1(4) 
C(23)-N(7)-C(22) 121.8(4) 
C(37)-N(8)-C(30) 121.6(4) 
C(43A)-N(9)-C(1) 120.9(3) 
C(93)-N(10)-C(100) 107.2(3) 
C(93)-N(10)-Co(2) 126.8(2) 
C(100)-N(10)-Co(2) 126.0(2) 
C(64)-N(11)-C(57) 108.2(4) 
C(64)-N(11)-Co(2) 126.1(3) 
C(57)-N(11)-Co(2) 125.7(3) 
C(78)-N(12)-C(71) 108.1(4) 
C(78)-N(12)-Co(2) 126.3(3) 
C(71)-N(12)-Co(2) 125.5(3) 
C(86)-N(13)-C(79) 108.3(3) 
C(86)-N(13)-Co(2) 125.5(2) 
C(79)-N(13)-Co(2) 126.1(3) 
C(107)-N(14)-Co(2) 178.3(3) 
C(86)-N(15)-C(100) 121.0(3) 
C(57)-N(16)-C(93) 121.5(4) 
C(71)-N(17)-C(64) 120.6(4) 
C(79)-N(18)-C(78) 121.5(4) 
N(9)-C(1)-N(1) 129.0(4) 
N(9)-C(1)-C(2) 121.9(4) 
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N(1)-C(1)-C(2) 109.1(4) 
C(3)-C(2)-C(7) 119.8(4) 
C(3)-C(2)-C(1) 133.4(4) 
C(7)-C(2)-C(1) 106.8(4) 
C(2)-C(3)-C(4) 122.8(4) 
C(3)-C(4)-C(5) 117.2(4) 
C(3)-C(4)-C(9) 115.2(4) 
C(5)-C(4)-C(9) 127.4(4) 
C(6)-C(5)-C(4) 117.7(4) 
C(6)-C(5)-C(12) 116.5(4) 
C(4)-C(5)-C(12) 125.7(4) 
C(7)-C(6)-C(5) 123.4(4) 
C(6)-C(7)-C(2) 118.7(4) 
C(6)-C(7)-C(8) 134.9(4) 
C(2)-C(7)-C(8) 106.4(4) 
N(6)-C(8)-N(1) 127.6(4) 
N(6)-C(8)-C(7) 122.8(4) 
N(1)-C(8)-C(7) 109.6(4) 
C(4)-C(9)-C(11) 112.9(5) 
C(4)-C(9)-C(10) 114.4(4) 
C(11)-C(9)-C(10) 111.1(4) 
C(5)-C(12)-C(14) 113.4(4) 
C(5)-C(12)-C(13) 114.2(4) 
C(14)-C(12)-C(13) 110.0(3) 
N(6)-C(15)-N(2) 128.9(4) 
N(6)-C(15)-C(16) 121.6(4) 
N(2)-C(15)-C(16) 109.4(4) 
C(17)-C(16)-C(21) 121.2(4) 
C(17)-C(16)-C(15) 132.4(5) 
C(21)-C(16)-C(15) 106.5(4) 
C(16)-C(17)-C(18) 117.7(5) 
C(19)-C(18)-C(17) 121.1(5) 
C(18)-C(19)-C(20) 121.7(4) 
C(19)-C(20)-C(21) 118.0(5) 
C(20)-C(21)-C(16) 120.3(4) 
C(20)-C(21)-C(22) 133.3(5) 
C(16)-C(21)-C(22) 106.4(4) 
N(7)-C(22)-N(2) 127.9(4) 
N(7)-C(22)-C(21) 122.3(4) 
N(2)-C(22)-C(21) 109.8(4) 
N(7)-C(23)-N(3) 127.6(4) 
N(7)-C(23)-C(24) 123.0(4) 
N(3)-C(23)-C(24) 109.4(4) 
C(25)-C(24)-C(29) 119.4(5) 
C(25)-C(24)-C(23) 133.9(5) 
C(29)-C(24)-C(23) 106.8(4) 
C(24)-C(25)-C(26) 123.1(5) 
C(25)-C(26)-C(27) 117.5(4) 
C(25)-C(26)-C(31) 116.4(5) 
C(27)-C(26)-C(31) 126.1(5) 
C(28)-C(27)-C(26) 116.9(4) 
C(28)-C(27)-C(34) 116.4(4) 
C(26)-C(27)-C(34) 126.6(4) 
C(29)-C(28)-C(27) 124.0(5) 
C(24)-C(29)-C(28) 118.9(4) 
C(24)-C(29)-C(30) 106.7(4) 
C(28)-C(29)-C(30) 134.4(4) 
N(8)-C(30)-N(3) 128.2(4) 
N(8)-C(30)-C(29) 122.3(4) 
N(3)-C(30)-C(29) 109.5(4) 
C(26)-C(31)-C(33) 111.2(4) 
C(26)-C(31)-C(32) 116.4(4) 
C(33)-C(31)-C(32) 109.6(3) 
C(27)-C(34)-C(35) 113.3(4) 
C(27)-C(34)-C(36) 113.9(4) 
C(35)-C(34)-C(36) 111.0(3) 
N(8)-C(37)-N(4) 128.2(4) 
N(8)-C(37)-C(38) 123.0(4) 
N(4)-C(37)-C(38) 108.8(4) 
C(39)-C(38)-C(43) 119.1(4) 
C(39)-C(38)-C(37) 134.2(4) 
C(43)-C(38)-C(37) 106.7(4) 
C(38)-C(39)-C(40) 122.8(4) 
C(39)-C(40)-C(41) 118.3(4) 
C(39)-C(40)-C(44) 114.6(4) 
C(41)-C(40)-C(44) 127.1(4) 
C(42)-C(41)-C(40) 117.1(4) 
C(42)-C(41)-C(47) 115.6(4) 
C(40)-C(41)-C(47) 127.2(4) 
C(43)-C(42)-C(41) 122.7(4) 
C(42)-C(43)-C(38) 119.7(4) 
C(42)-C(43)-C(43A) 133.3(4) 
C(38)-C(43)-C(43A) 107.0(4) 
C(40)-C(44)-C(46) 111.5(5) 
C(40)-C(44)-C(45) 114.9(4) 
C(46)-C(44)-C(45) 111.9(3) 
C(41)-C(47)-C(48) 111.0(4) 
C(41)-C(47)-C(49) 116.5(4) 
C(48)-C(47)-C(49) 110.4(3) 
N(5)-C(50)-C(51) 179.6(5) 
C(56)-C(51)-C(52) 120.4(5) 
C(56)-C(51)-C(50) 119.3(4) 
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C(52)-C(51)-C(50) 120.3(4) 
C(53)-C(52)-C(51) 119.1(5) 
C(53)-C(52)-H(52) 120.4 
C(51)-C(52)-H(52) 120.4 
C(52)-C(53)-C(54) 120.1(5) 
C(52)-C(53)-H(53) 119.9 
C(54)-C(53)-H(53) 119.9 
C(55)-C(54)-C(53) 121.0(5) 
C(55)-C(54)-H(54) 119.5 
C(53)-C(54)-H(54) 119.5 
C(54)-C(55)-C(56) 119.3(5) 
C(54)-C(55)-H(55) 120.4 
C(56)-C(55)-H(55) 120.4 
C(55)-C(56)-C(51) 120.1(5) 
C(55)-C(56)-H(56) 119.9 
C(51)-C(56)-H(56) 119.9 
N(16)-C(57)-N(11) 128.4(4) 
N(16)-C(57)-C(58) 122.4(4) 
N(11)-C(57)-C(58) 109.3(4) 
C(59)-C(58)-C(63) 119.9(4) 
C(59)-C(58)-C(57) 133.9(5) 
C(63)-C(58)-C(57) 106.2(4) 
C(58)-C(59)-C(60) 123.5(5) 
C(59)-C(60)-C(61) 116.9(4) 
C(59)-C(60)-C(65) 116.6(4) 
C(61)-C(60)-C(65) 126.5(4) 
C(62)-C(61)-C(60) 117.6(4) 
C(62)-C(61)-C(68) 114.6(4) 
C(60)-C(61)-C(68) 127.7(4) 
C(61)-C(62)-C(63) 123.6(5) 
C(58)-C(63)-C(62) 118.2(4) 
C(58)-C(63)-C(64) 107.3(4) 
C(62)-C(63)-C(64) 134.5(5) 
N(17)-C(64)-N(11) 128.8(4) 
N(17)-C(64)-C(63) 122.1(4) 
N(11)-C(64)-C(63) 109.1(4) 
C(66)-C(65)-C(60) 111.5(4) 
C(66)-C(65)-C(67) 110.8(5) 
C(60)-C(65)-C(67) 115.3(4) 
C(69)-C(68)-C(61) 112.0(4) 
C(69)-C(68)-C(70) 110.8(4) 
C(61)-C(68)-C(70) 115.3(4) 
N(17)-C(71)-N(12) 128.7(4) 
N(17)-C(71)-C(72) 121.7(4) 
N(12)-C(71)-C(72) 109.5(4) 
C(73)-C(72)-C(77) 121.0(5) 
C(73)-C(72)-C(71) 132.9(5) 
C(77)-C(72)-C(71) 106.1(4) 
C(72)-C(73)-C(74) 118.0(5) 
C(75)-C(74)-C(73) 121.5(5) 
C(74)-C(75)-C(76) 120.7(5) 
C(77)-C(76)-C(75) 118.8(5) 
C(76)-C(77)-C(72) 120.0(5) 
C(76)-C(77)-C(78) 134.1(5) 
C(72)-C(77)-C(78) 105.9(4) 
N(18)-C(78)-N(12) 128.0(4) 
N(18)-C(78)-C(77) 121.6(4) 
N(12)-C(78)-C(77) 110.3(4) 
N(18)-C(79)-N(13) 128.1(4) 
N(18)-C(79)-C(80) 122.8(4) 
N(13)-C(79)-C(80) 109.1(4) 
C(81)-C(80)-C(85) 119.7(5) 
C(81)-C(80)-C(79) 133.9(5) 
C(85)-C(80)-C(79) 106.4(4) 
C(80)-C(81)-C(82) 122.9(5) 
C(81)-C(82)-C(83) 117.4(5) 
C(81)-C(82)-C(90) 115.1(5) 
C(83)-C(82)-C(90) 127.4(5) 
C(84)-C(83)-C(82) 117.9(5) 
C(84)-C(83)-C(87) 115.4(5) 
C(82)-C(83)-C(87) 126.7(5) 
C(83)-C(84)-C(85) 123.2(5) 
C(80)-C(85)-C(84) 118.7(5) 
C(80)-C(85)-C(86) 107.3(4) 
C(84)-C(85)-C(86) 134.0(5) 
N(15)-C(86)-N(13) 128.7(4) 
N(15)-C(86)-C(85) 122.4(4) 
N(13)-C(86)-C(85) 108.9(4) 
C(88)-C(87)-C(83) 113.5(5) 
C(88)-C(87)-C(89) 111.7(5) 
C(83)-C(87)-C(89) 113.4(4) 
C(92)-C(90)-C(82) 113.7(5) 
C(92)-C(90)-C(91) 109.5(5) 
C(82)-C(90)-C(91) 113.3(4) 
N(16)-C(93)-N(10) 127.6(4) 
N(16)-C(93)-C(94) 122.5(4) 
N(10)-C(93)-C(94) 109.9(4) 
C(99)-C(94)-C(95) 117.6(5) 
C(99)-C(94)-C(93) 107.5(4) 
C(95)-C(94)-C(93) 134.9(5) 
C(96)-C(95)-C(94) 123.7(5) 
C(95)-C(96)-C(97) 117.9(5) 
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C(95)-C(96)-C(104) 117.3(5) 
C(97)-C(96)-C(104) 124.8(6) 
C(98)-C(97)-C(96) 116.5(6) 
C(98)-C(97)-C(101) 116.3(6) 
C(96)-C(97)-C(101) 126.8(6) 
C(97)-C(98)-C(99) 122.4(6) 
C(94)-C(99)-C(98) 119.5(5) 
C(94)-C(99)-C(100) 105.3(5) 
C(98)-C(99)-C(100) 134.8(5) 
N(15)-C(100)-N(10) 127.9(4) 
N(15)-C(100)-C(99) 122.2(4) 
N(10)-C(100)-C(99) 109.8(4) 
C(102)-C(101)-C(97) 112.0(6) 
C(102)-C(101)-C(103) 111.6(6) 
C(97)-C(101)-C(103) 113.0(6) 
C(105)-C(104)-C(96) 118.6(8) 
C(105)-C(104)-C(106) 106.9(7) 
C(96)-C(104)-C(106) 112.7(6) 
N(14)-C(107)-C(108) 179.0(5) 
C(109)-C(108)-C(113) 121.2(5) 
C(109)-C(108)-C(107) 120.1(5) 
C(113)-C(108)-C(107) 118.6(5) 
C(110)-C(109)-C(108) 118.5(5) 
C(110)-C(109)-H(109) 120.7 
C(108)-C(109)-H(109) 120.7 
C(111)-C(110)-C(109) 120.4(5) 
C(111)-C(110)-H(110) 119.8 
C(109)-C(110)-H(110) 119.8 
C(110)-C(111)-C(112) 120.9(5) 
C(110)-C(111)-H(111) 119.5 
C(112)-C(111)-H(111) 119.5 
C(113)-C(112)-C(111) 120.3(5) 
C(113)-C(112)-H(112) 119.9 
C(111)-C(112)-H(112) 119.9 
C(112)-C(113)-C(108) 118.7(5) 
C(112)-C(113)-H(113) 120.7 
C(108)-C(113)-H(113) 120.7 
N(19)-C(114)-C(115) 170.3(16) 
N(20)-C(121)-C(122) 178.5(9) 
N(9)-C(43A)-N(4) 128.9(3) 
N(9)-C(43A)-C(43) 121.9(4) 
N(4)-C(43A)-C(43) 109.2(3) 
C(5T)-C(1T)-H(1T1) 109.5 
C(5T)-C(1T)-H(1T2) 109.5 
H(1T1)-C(1T)-H(1T2) 109.5 
C(5T)-C(1T)-H(1T3) 109.5 
H(1T1)-C(1T)-H(1T3) 109.5 
H(1T2)-C(1T)-H(1T3) 109.5 
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Symmetry transformations used to generate equivalent atoms. 
 
Table L.4 Anisotropic displacement parameters (Å
2
x 10
3
) for [F52aPcCo [4-2] (PhCN)]2 
*(PhCN)2 *toluene
*
 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
C(122) 90(7)  96(7) 71(6)  -1(6) 11(5)  -58(6) 
C(123) 94(7)  77(6) 52(4)  -5(4) 17(4)  -51(5) 
C(124) 91(7)  81(7) 80(6)  -9(5) 25(5)  -40(6) 
C(125) 71(6)  82(6) 84(6)  21(5) 13(5)  -16(5) 
C(126) 52(5)  107(7) 64(5)  35(5) -4(4)  -20(5) 
C(127) 101(8)  117(9) 69(6)  35(6) -14(6)  -54(7) 
C(115) 58(5)  56(5) 122(8)  9(5) -14(5)  -13(4) 
C(120) 57(5)  65(5) 108(8)  27(5) -10(5)  -8(4) 
C(119) 62(5)  64(5) 105(8)  16(5) -2(5)  -4(4) 
C(118) 63(6)  151(13) 150(12)  30(10) -31(7)  -61(8) 
C(117) 65(5)  68(5) 47(4)  18(4) -8(4)  -20(4) 
C(116) 103(8)  67(6) 153(11)  56(7) -71(9)  -32(6) 
Co(1) 17(1)  16(1) 13(1)  3(1) 0(1)  6(1) 
N(1) 19(2)  19(2) 15(2)  2(2) 1(2)  6(2) 
N(2) 18(2)  18(2) 16(2)  1(2) -2(2)  2(2) 
N(3) 22(2)  18(2) 17(2)  3(2) 1(2)  5(2) 
N(4) 17(2)  20(2) 14(2)  2(2) 2(2)  6(2) 
N(5) 24(2)  22(2) 22(2)  5(2) 1(2)  8(2) 
N(6) 23(2)  21(2) 17(2)  0(2) 2(2)  6(2) 
N(7) 22(2)  22(2) 17(2)  3(2) -2(2)  1(2) 
N(8) 26(2)  20(2) 17(2)  1(2) 2(2)  9(2) 
N(9) 23(2)  20(2) 16(2)  3(2) 1(2)  8(2) 
Co(2) 16(1)  15(1) 19(1)  5(1) 2(1)  5(1) 
N(10) 20(2)  15(2) 30(2)  5(2) 2(2)  6(2) 
N(11) 22(2)  18(2) 21(2)  4(2) 1(2)  4(2) 
N(12) 21(2)  18(2) 22(2)  3(2) 1(2)  3(2) 
N(13) 21(2)  16(2) 25(2)  8(2) 2(2)  5(2) 
N(14) 25(2)  22(2) 24(2)  5(2) 1(2)  2(2) 
N(15) 42(3)  31(2) 35(2)  17(2) 16(2)  25(2) 
N(16) 28(2)  25(2) 23(2)  8(2) 5(2)  10(2) 
N(17) 21(2)  19(2) 27(2)  4(2) 2(2)  5(2) 
N(18) 20(2)  22(2) 24(2)  6(2) -2(2)  5(2) 
N(19) 275(17)  142(10) 179(12)  99(10) -159(13)  -130(12) 
N(20) 273(18)  184(13) 88(7)  -27(8) 53(9)  -140(13) 
C(1) 22(2)  18(2) 21(2)  6(2) 2(2)  9(2) 
C(2) 21(2)  21(2) 19(2)  3(2) 3(2)  8(2) 
C(3) 23(2)  28(2) 21(2)  6(2) 5(2)  11(2) 
C(4) 20(2)  29(3) 28(3)  7(2) 2(2)  10(2) 
C(5) 20(2)  20(2) 28(3)  4(2) 5(2)  6(2) 
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C(6) 22(2)  21(2) 20(2)  0(2) 4(2)  3(2) 
C(7) 21(2)  19(2) 20(2)  2(2) 4(2)  3(2) 
C(8) 20(2)  18(2) 19(2)  0(2) -1(2)  5(2) 
C(9) 35(3)  59(4) 34(3)  12(3) 3(3)  32(3) 
C(10) 41(4)  95(6) 26(3)  1(3) -6(3)  36(4) 
F(27) 43(2)  73(3) 45(2)  -16(2) -8(2)  13(2) 
F(28) 69(3)  114(4) 27(2)  8(2) 0(2)  59(3) 
F(29) 54(3)  150(5) 42(2)  -16(3) -19(2)  56(3) 
C(11) 61(4)  63(5) 65(5)  39(4) 28(4)  43(4) 
F(24) 89(3)  47(2) 88(3)  34(2) 42(3)  26(2) 
F(25) 106(4)  123(4) 76(3)  71(3) 34(3)  84(4) 
F(26) 67(3)  71(3) 81(3)  49(2) 40(2)  43(2) 
C(12) 21(2)  23(2) 36(3)  7(2) 6(2)  9(2) 
C(13) 29(3)  24(3) 40(3)  -1(2) 3(2)  10(2) 
F(34) 24(2)  31(2) 51(2)  -4(2) 0(1)  2(1) 
F(35) 45(2)  38(2) 34(2)  -1(1) 9(2)  16(2) 
F(36) 45(2)  24(2) 55(2)  -2(2) -1(2)  12(1) 
C(14) 25(3)  30(3) 41(3)  1(2) 10(2)  8(2) 
F(31) 32(2)  38(2) 65(2)  17(2) 20(2)  7(1) 
F(32) 26(2)  60(2) 50(2)  -7(2) 4(2)  -3(2) 
F(33) 28(2)  38(2) 49(2)  0(2) 13(1)  13(1) 
C(15) 19(2)  19(2) 16(2)  0(2) 1(2)  -1(2) 
C(16) 22(2)  25(2) 19(2)  3(2) 2(2)  2(2) 
C(17) 28(3)  31(3) 20(2)  1(2) 6(2)  7(2) 
C(18) 40(3)  41(3) 17(2)  0(2) 7(2)  8(3) 
C(19) 40(3)  34(3) 13(2)  8(2) 1(2)  -2(2) 
C(20) 28(3)  27(3) 18(2)  6(2) 0(2)  -2(2) 
C(21) 21(2)  22(2) 17(2)  1(2) 2(2)  -2(2) 
C(22) 20(2)  19(2) 16(2)  2(2) -1(2)  -1(2) 
C(23) 21(2)  19(2) 18(2)  2(2) -3(2)  4(2) 
C(24) 27(2)  21(2) 19(2)  3(2) -4(2)  7(2) 
C(25) 30(3)  26(2) 18(2)  5(2) 0(2)  3(2) 
C(26) 32(3)  24(2) 22(2)  4(2) -6(2)  10(2) 
C(27) 26(2)  20(2) 22(2)  3(2) -3(2)  11(2) 
C(28) 30(3)  22(2) 20(2)  4(2) 1(2)  7(2) 
C(29) 24(2)  19(2) 18(2)  1(2) -1(2)  8(2) 
C(30) 21(2)  17(2) 19(2)  2(2) 0(2)  7(2) 
C(31) 47(3)  26(3) 28(3)  9(2) 0(2)  16(2) 
C(32) 60(4)  27(3) 33(3)  9(2) 5(3)  11(3) 
F(15) 50(2)  36(2) 36(2)  9(1) 4(2)  3(2) 
F(16) 70(2)  40(2) 27(2)  14(2) 7(2)  16(2) 
F(17) 78(3)  30(2) 47(2)  21(2) 14(2)  18(2) 
C(33) 49(4)  41(3) 33(3)  14(3) -10(3)  13(3) 
F(18) 73(3)  64(3) 50(2)  27(2) -24(2)  19(2) 
F(19) 58(2)  48(2) 31(2)  2(2) -11(2)  12(2) 
F(20) 38(2)  62(2) 47(2)  7(2) -9(2)  10(2) 
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C(34) 32(3)  24(3) 31(3)  5(2) 1(2)  15(2) 
C(35) 41(3)  29(3) 38(3)  3(2) 4(3)  14(2) 
F(7) 49(2)  32(2) 34(2)  -2(1) -6(2)  14(2) 
F(11) 48(2)  25(2) 48(2)  7(2) 1(2)  6(1) 
F(12) 54(2)  31(2) 53(2)  1(2) 11(2)  23(2) 
C(36) 32(3)  33(3) 38(3)  10(2) 1(2)  16(2) 
F(8) 35(2)  27(2) 44(2)  7(1) 2(1)  6(1) 
F(9) 46(2)  41(2) 34(2)  12(2) 12(2)  21(2) 
F(10) 32(2)  46(2) 58(2)  18(2) 5(2)  17(2) 
C(37) 23(2)  21(2) 15(2)  4(2) 2(2)  9(2) 
C(38) 27(2)  22(2) 15(2)  2(2) 1(2)  13(2) 
C(39) 33(3)  23(2) 22(2)  4(2) 5(2)  14(2) 
C(40) 31(3)  28(3) 18(2)  0(2) 4(2)  9(2) 
C(41) 32(3)  22(2) 17(2)  4(2) 2(2)  7(2) 
C(42) 28(2)  20(2) 21(2)  6(2) 1(2)  9(2) 
C(43) 25(2)  22(2) 19(2)  4(2) 2(2)  9(2) 
C(44) 56(4)  37(3) 18(2)  5(2) 7(2)  25(3) 
C(45) 55(4)  63(4) 37(3)  8(3) 21(3)  35(4) 
F(40) 42(2)  79(3) 52(2)  0(2) 8(2)  21(2) 
F(41) 66(3)  109(4) 50(2)  20(2) 34(2)  47(3) 
F(42) 82(3)  81(3) 40(2)  13(2) 18(2)  62(3) 
C(46) 86(5)  38(3) 26(3)  -3(3) 10(3)  29(3) 
F(43) 115(4)  28(2) 35(2)  4(2) 9(2)  20(2) 
F(44) 140(4)  52(2) 33(2)  -7(2) 22(2)  50(3) 
F(45) 95(3)  41(2) 41(2)  -7(2) -11(2)  9(2) 
C(47) 37(3)  23(2) 18(2)  2(2) 0(2)  5(2) 
C(48) 44(3)  30(3) 20(2)  7(2) 0(2)  3(2) 
F(50) 47(2)  23(2) 30(2)  2(1) 4(1)  2(1) 
F(51) 71(2)  45(2) 26(2)  19(2) 1(2)  -2(2) 
F(52) 43(2)  41(2) 41(2)  4(2) 13(2)  3(2) 
C(49) 44(3)  31(3) 22(2)  6(2) -4(2)  10(2) 
F(47) 53(2)  34(2) 26(2)  12(1) -2(1)  19(2) 
F(48) 37(2)  41(2) 36(2)  12(2) 2(1)  3(1) 
F(49) 50(2)  49(2) 23(2)  4(1) -10(1)  9(2) 
C(50) 19(2)  21(2) 22(2)  9(2) 3(2)  7(2) 
C(51) 18(2)  20(2) 23(2)  8(2) -2(2)  5(2) 
C(52) 29(3)  20(2) 28(3)  7(2) 8(2)  4(2) 
C(53) 37(3)  23(2) 23(2)  5(2) -1(2)  2(2) 
C(54) 29(3)  31(3) 37(3)  18(2) -8(2)  -6(2) 
C(55) 22(2)  37(3) 31(3)  14(2) 5(2)  2(2) 
C(56) 25(2)  29(3) 22(2)  8(2) 3(2)  8(2) 
C(57) 22(2)  18(2) 24(2)  7(2) -3(2)  8(2) 
C(58) 21(2)  22(2) 25(2)  3(2) 2(2)  8(2) 
C(59) 25(2)  28(3) 23(2)  8(2) 7(2)  10(2) 
C(60) 28(3)  21(2) 30(3)  7(2) 6(2)  10(2) 
C(61) 20(2)  25(2) 28(3)  0(2) 2(2)  8(2) 
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C(62) 21(2)  19(2) 26(2)  3(2) 2(2)  7(2) 
C(63) 22(2)  19(2) 24(2)  4(2) 2(2)  7(2) 
C(64) 18(2)  17(2) 22(2)  0(2) -1(2)  3(2) 
C(65) 34(3)  25(3) 36(3)  9(2) 5(2)  16(2) 
C(66) 42(3)  39(3) 31(3)  13(3) -2(3)  17(3) 
C(67) 43(4)  40(3) 56(4)  24(3) 15(3)  22(3) 
C(68) 26(3)  26(3) 28(3)  4(2) 3(2)  13(2) 
C(69) 40(3)  26(3) 33(3)  0(2) -4(3)  14(2) 
C(70) 26(3)  38(3) 35(3)  4(2) 8(2)  13(2) 
C(71) 21(2)  19(2) 24(2)  4(2) 3(2)  1(2) 
C(72) 27(3)  21(2) 25(2)  4(2) 4(2)  3(2) 
C(73) 40(3)  26(3) 33(3)  6(2) 12(2)  9(2) 
C(74) 44(3)  30(3) 25(3)  5(2) 11(2)  5(2) 
C(75) 43(3)  32(3) 20(2)  6(2) 3(2)  -4(2) 
C(76) 26(3)  29(3) 25(2)  7(2) 0(2)  2(2) 
C(77) 25(2)  21(2) 27(2)  3(2) 3(2)  2(2) 
C(78) 23(2)  19(2) 20(2)  5(2) -2(2)  1(2) 
C(79) 19(2)  20(2) 25(2)  8(2) -1(2)  4(2) 
C(80) 22(2)  16(2) 27(2)  2(2) -2(2)  3(2) 
C(81) 25(2)  26(3) 26(3)  5(2) -5(2)  7(2) 
C(82) 24(2)  21(2) 33(3)  1(2) -6(2)  3(2) 
C(83) 22(2)  19(2) 32(3)  4(2) 0(2)  2(2) 
C(84) 26(3)  22(2) 36(3)  7(2) 5(2)  7(2) 
C(85) 26(2)  20(2) 30(3)  11(2) 1(2)  7(2) 
C(86) 30(3)  19(2) 31(3)  10(2) 11(2)  11(2) 
C(87) 26(3)  28(3) 45(3)  13(3) -2(2)  14(2) 
C(88) 42(3)  33(3) 59(4)  5(3) 1(3)  13(3) 
C(89) 35(3)  66(5) 51(4)  -11(3) 10(3)  26(3) 
C(90) 40(3)  28(3) 32(3)  3(2) -7(2)  18(2) 
C(91) 67(5)  44(4) 39(3)  15(3) 7(3)  22(3) 
C(92) 54(4)  50(4) 46(4)  12(3) -19(3)  7(3) 
C(93) 23(2)  21(2) 25(2)  7(2) 5(2)  6(2) 
C(94) 34(3)  24(2) 26(3)  10(2) 7(2)  12(2) 
C(95) 38(3)  33(3) 32(3)  16(2) 9(2)  17(2) 
C(96) 56(4)  45(3) 36(3)  20(3) 17(3)  26(3) 
C(97) 60(4)  61(4) 48(4)  20(3) 18(3)  24(4) 
C(98) 54(4)  55(4) 50(4)  21(3) 12(3)  30(3) 
C(99) 51(4)  40(3) 32(3)  21(3) 20(3)  23(3) 
C(100) 42(3)  29(3) 33(3)  14(2) 18(2)  17(2) 
C(101) 62(5)  58(4) 49(4)  20(4) -1(3)  18(4) 
C(102) 53(4)  53(4) 42(4)  7(3) 22(3)  21(3) 
C(103) 47(4)  66(5) 61(5)  3(4) -2(4)  16(4) 
C(104) 76(5)  65(5) 34(3)  22(3) 23(3)  38(4) 
C(105) 101(7)  82(6) 60(5)  7(5) 8(5)  40(6) 
C(106) 80(6)  54(4) 70(5)  39(4) 20(5)  15(4) 
C(107) 27(2)  19(2) 25(2)  7(2) 4(2)  9(2) 
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C(108) 22(2)  17(2) 29(2)  7(2) 0(2)  5(2) 
C(109) 34(3)  27(3) 28(3)  5(2) 0(2)  4(2) 
C(110) 42(3)  28(3) 31(3)  0(2) -4(2)  -2(2) 
C(111) 35(3)  25(3) 46(3)  11(3) -10(3)  -4(2) 
C(112) 26(3)  26(3) 41(3)  14(2) 3(2)  3(2) 
C(113) 27(3)  24(2) 29(3)  8(2) 3(2)  5(2) 
C(114) 120(10)  257(18) 48(5)  -11(8) 29(6)  -101(11) 
C(121) 175(13)  167(13) 67(6)  -36(7) 17(7)  -135(11) 
C(43A) 19(2)  18(2) 18(2)  4(2) 2(2)  8(2) 
F(1) 41(2)  30(2) 22(1)  9(1) 0(1)  6(1) 
F(2) 55(2)  48(2) 17(1)  12(1) 8(1)  8(2) 
F(3) 62(2)  59(2) 23(2)  5(2) 18(2)  24(2) 
F(4) 46(2)  39(2) 27(2)  4(1) 13(1)  22(2) 
F(5) 45(2)  33(2) 19(1)  10(1) 2(1)  17(1) 
F(6) 35(2)  28(2) 18(1)  6(1) 5(1)  16(1) 
F(13) 35(2)  36(2) 37(2)  14(1) -1(1)  21(1) 
F(14) 53(2)  24(2) 35(2)  10(1) 4(2)  19(1) 
F(21) 39(2)  45(2) 22(1)  13(1) 5(1)  26(2) 
F(22) 35(2)  29(2) 22(1)  3(1) 7(1)  15(1) 
F(23) 34(2)  67(2) 37(2)  6(2) 3(1)  31(2) 
F(30) 32(2)  33(2) 41(2)  12(1) 6(1)  17(1) 
F(37) 38(2)  30(2) 22(1)  8(1) 4(1)  22(1) 
F(38) 50(2)  36(2) 23(2)  6(1) 4(1)  32(2) 
F(39) 60(2)  48(2) 24(2)  12(1) 18(2)  29(2) 
F(46) 56(2)  31(2) 16(1)  -1(1) 2(1)  13(1) 
F(53) 44(2)  37(2) 27(2)  14(1) 11(1)  25(1) 
F(54) 31(2)  31(2) 23(1)  4(1) 5(1)  14(1) 
F(55) 35(2)  26(2) 43(2)  10(1) 5(1)  16(1) 
F(56) 63(2)  34(2) 34(2)  2(2) -1(2)  18(2) 
F(57) 32(2)  44(2) 45(2)  2(2) -5(2)  7(2) 
F(58) 78(3)  43(2) 45(2)  17(2) -21(2)  21(2) 
F(59) 39(2)  49(2) 95(3)  29(2) 20(2)  13(2) 
F(60) 74(3)  52(2) 57(2)  34(2) 32(2)  35(2) 
F(61) 65(3)  42(2) 80(3)  35(2) 30(2)  24(2) 
F(62) 30(2)  40(2) 32(2)  4(1) -1(1)  20(1) 
F(63) 33(2)  30(2) 44(2)  2(1) 6(1)  4(1) 
F(64) 36(2)  46(2) 32(2)  4(2) 11(1)  15(2) 
F(65) 27(2)  55(2) 53(2)  8(2) 9(2)  17(2) 
F(66) 44(2)  33(2) 38(2)  -1(1) -9(2)  13(1) 
F(67) 53(2)  36(2) 35(2)  0(1) 6(2)  28(2) 
F(68) 47(2)  26(2) 44(2)  6(1) 4(2)  5(1) 
F(69) 56(2)  52(2) 39(2)  17(2) 24(2)  33(2) 
F(70) 71(2)  45(2) 27(2)  7(2) 24(2)  18(2) 
F(71) 53(2)  41(2) 21(1)  9(1) 3(1)  1(2) 
F(72) 37(2)  34(2) 26(2)  10(1) -3(1)  7(1) 
F(73) 45(2)  37(2) 24(2)  5(1) -3(1)  20(2) 
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F(74) 42(2)  33(2) 34(2)  14(1) 11(1)  21(1) 
F(75) 56(2)  38(2) 52(2)  11(2) 4(2)  23(2) 
F(76) 47(2)  52(2) 45(2)  18(2) 9(2)  8(2) 
F(77) 80(3)  64(3) 34(2)  12(2) 3(2)  31(2) 
F(78) 90(3)  42(2) 49(2)  21(2) 9(2)  21(2) 
F(79) 63(3)  61(3) 59(2)  -18(2) -32(2)  26(2) 
F(80) 69(3)  94(3) 49(2)  18(2) -27(2)  36(3) 
F(81) 45(2)  69(3) 74(3)  5(2) -15(2)  5(2) 
F(82) 35(2)  44(2) 53(2)  4(2) -2(2)  16(2) 
F(83) 73(3)  44(2) 68(3)  -6(2) 8(2)  31(2) 
F(84) 78(3)  32(2) 36(2)  2(2) -8(2)  1(2) 
F(85) 70(3)  36(2) 66(3)  13(2) -9(2)  -4(2) 
F(86) 54(2)  60(2) 53(2)  11(2) 19(2)  24(2) 
F(87) 33(2)  98(3) 78(3)  27(3) 15(2)  22(2) 
F(88) 46(2)  47(2) 67(2)  14(2) 9(2)  -7(2) 
F(89) 67(3)  53(2) 54(2)  18(2) 15(2)  26(2) 
F(90) 101(3)  70(3) 39(2)  30(2) 28(2)  67(3) 
F(91) 84(3)  79(3) 42(2)  6(2) 6(2)  18(3) 
F(92) 75(3)  94(4) 95(4)  32(3) 23(3)  0(3) 
F(93) 76(3)  63(3) 51(2)  14(2) 27(2)  30(2) 
F(94) 74(3)  102(4) 56(3)  10(3) 20(2)  34(3) 
F(95) 85(3)  54(3) 72(3)  9(2) 3(3)  4(2) 
F(96) 106(4)  96(4) 63(3)  -12(3) -4(3)  -6(3) 
F(97) 52(3)  95(4) 99(4)  3(3) 10(3)  -9(3) 
F(98) 114(4)  80(3) 52(2)  32(2) 45(3)  46(3) 
F(99) 110(4)  101(4) 57(3)  49(3) 23(3)  39(3) 
F(100) 90(4)  109(5) 81(4)  -3(3) -9(3)  18(3) 
F(101) 69(3)  129(5) 48(2)  33(3) 7(2)  34(3) 
F(102) 118(4)  67(3) 75(3)  23(3) 36(3)  29(3) 
F(103) 135(5)  62(3) 73(3)  17(3) 0(3)  -2(3) 
F(104) 102(4)  75(3) 86(4)  16(3) 30(3)  -5(3) 
* The anisotropic displacement factor exponent takes the form: -2π
2
[ h
2
a
*2
U
11
 + ... + 2 h k a
* 
b
*
 
U
12
] 
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Table L.5 Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2 
x 10
3
) for 
[F52aPcCo [4-2] (PhCN)]2 *(PhCN)2 *toluene 
                                           x                      y                       z                   U(eq) 
H(123) 7714 2894 199 93 
H(124) 7273 3101 1053 104 
H(125) 6396 4057 1270 94 
H(126) 5959 4806 633 89 
H(127) 6399 4599 -221 116 
H(120) 6163 4788 2445 92 
H(119) 5448 5331 3140 93 
H(118) 5410 4778 3915 150 
H(117) 6087 3682 3995 73 
H(116) 6802 3139 3300 132 
H(3SA) 4283 898 39 43 
H(4SA) 4660 610 -828 43 
H(1S) 5506 -376 -1032 43 
H(2SA) 5975 -1074 -370 43 
H(3S) 5598 -786 497 43 
H(3T) 5765 -890 4 34 
H(4T) 5443 -685 888 34 
H(1TA) 4604 279 1162 34 
H(2TA) 4087 1038 553 34 
H(3TA) 4408 833 -331 34 
H(52) 5487 11192 8546 30 
H(53) 6578 12075 8817 34 
H(54) 7669 12124 8298 38 
H(55) 7689 11291 7511 35 
H(56) 6605 10397 7239 30 
H(109) 10906 6499 3274 36 
H(110) 12031 7354 3547 41 
H(111) 13063 7447 2996 43 
H(112) 12982 6722 2160 36 
H(113) 11874 5859 1872 32 
H(1T1) 4887 -63 -1083 41 
H(1T2) 5387 -760 -939 41 
H(1T3) 5842 54 -881 41 
H(1S1) 4342 -168 1026 121 
H(1S2) 4514 715 1042 121 
H(1S3) 5249 204 1186 121 
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APPENDIX M 
 
CRYSTAL STRUCTURE PARAMETERS OF F40PcCo [4-3] 
 
Tables M.1 to M.5 list the atomic coordinates and crystallographic parameters for F40PcCo [4-3]. 
 
Table M.1 Crystal data and structure refinement for [F40PcCo [4-3] (H2O)] *2(acetone) *toluene 
Empirical formula  C57H22CoF40N8O3 
Formula weight  1685.76 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 11.0536(2) Å α = 96.698(1)° 
 b = 15.1615(2) Å β = 95.401(1)° 
 c = 18.2304(3) Å γ = 100.288(1)° 
Volume 2964.85(8) Å
3
 
Z 2 
Density (calculated) 1.888 g/cm
3
 
Absorption coefficient 3.963 mm
-1
 
F(000) 1662 
Crystal size 0.26 x 0.23 x 0.19 mm
3
 
Theta range for data collection 2.46 to 73.84° 
Index ranges -10<=h<=12, -18<=k<=18, -22<=l<=22 
Reflections collected 29196 
Independent reflections 11038 [R(int) = 0.0149] 
Completeness to theta = 73.84° 91.8 %  
Max. and min. transmission 0.5197 and 0.4255 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 11038 / 1 / 991 
Goodness-of-fit on F
2
 0.998 
Final R indices [I>2sigma(I)] R1 = 0.0301, wR2 = 0.0853 
R indices (all data) R1 = 0.0308, wR2 = 0.0860 
Largest diff. peak and hole 0.621 and -0.669 e.Å
-3
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Table M.2 Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å
2
 x 
10
3
) for [F40PcCo [4-3] (H2O)] *2(acetone) *toluene
* 
______________________________________________________________________________
 x y z U(eq) 
Co(1) -206(1) 684(1) 1313(1) 12(1) 
C(2T) 6951(2) 2352(1) 601(1) 25(1) 
C(1T) 6961(2) 3081(1) 204(1) 28(1) 
C(5T) 5708(2) 2062(2) -816(1) 43(1) 
C(4T) 5705(2) 1345(2) -414(1) 40(1) 
C(6T) 6328(2) 2924(2) -510(1) 38(1) 
C(3T) 6331(2) 1497(1) 297(1) 31(1) 
C(7T) 7609(2) 4020(2) 544(2) 48(1) 
C(2A) 5812(2) 9599(1) 2498(1) 26(1) 
C(3A) 5643(3) 8752(2) 2840(1) 49(1) 
C(1A) 4956(2) 10228(2) 2666(2) 48(1) 
O(1A) 6617(2) 9769(1) 2103(1) 43(1) 
C(5A) -93(2) 3373(1) 3013(1) 25(1) 
C(4A) 744(2) 3863(1) 3687(1) 32(1) 
C(6A) -491(2) 3925(1) 2441(1) 33(1) 
O(2A) -438(1) 2553(1) 2951(1) 33(1) 
N(2) -1317(1) -362(1) 772(1) 14(1) 
N(3) -408(1) 1330(1) 476(1) 14(1) 
N(1) 98(1) -1(1) 2111(1) 14(1) 
N(6) -1812(1) 187(1) -395(1) 16(1) 
N(5) -1315(1) -1422(1) 1669(1) 15(1) 
N(7) 906(1) 2783(1) 952(1) 15(1) 
N(4) 1043(1) 1684(1) 1807(1) 14(1) 
N(8) 1722(1) 1067(1) 2909(1) 15(1) 
C(8) -505(2) -858(1) 2170(1) 14(1) 
C(4) 1117(1) -1196(1) 4298(1) 14(1) 
C(15) 1766(1) 1698(1) 2466(1) 15(1) 
C(3) 1387(1) -442(1) 3932(1) 15(1) 
C(29) 118(2) 2222(1) 449(1) 15(1) 
C(2) 810(1) -387(1) 3235(1) 14(1) 
C(37) -1902(1) -429(1) 64(1) 14(1) 
C(19) 3961(2) 4329(1) 2703(1) 16(1) 
C(20) 2986(2) 3961(1) 2148(1) 16(1) 
C(16) 2615(2) 2560(1) 2645(1) 16(1) 
C(6) -401(2) -1858(1) 3238(1) 16(1) 
C(1) 921(1) 298(1) 2742(1) 14(1) 
C(25) 4445(2) 5353(1) 2782(1) 17(1) 
C(44) -1657(1) -1183(1) 1024(1) 14(1) 
C(36) -1128(1) 1006(1) -185(1) 15(1) 
C(28) 1352(1) 2510(1) 1572(1) 15(1) 
C(31) 1(2) 3266(1) -585(1) 20(1) 
C(40) -4049(2) -2627(1) -802(1) 19(1) 
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C(27) 3415(2) 5950(1) 2702(1) 21(1) 
C(5) 128(2) -1921(1) 3950(1) 15(1) 
C(11) 1503(2) -672(1) 5708(1) 21(1) 
C(10) 3379(2) -816(1) 5003(1) 21(1) 
C(42) -3058(2) -2707(1) 418(1) 18(1) 
C(38) -2673(1) -1329(1) -149(1) 15(1) 
C(34) -1565(2) 1724(1) -1392(1) 18(1) 
C(26) 5432(2) 5628(1) 2252(1) 21(1) 
C(33) -1272(2) 2511(1) -1707(1) 21(1) 
C(7) -81(2) -1109(1) 2879(1) 15(1) 
C(39) -3468(2) -1735(1) -778(1) 17(1) 
C(14) -6(2) -3621(1) 4043(1) 28(1) 
C(35) -1058(2) 1706(1) -670(1) 16(1) 
C(24) 6452(2) 3213(1) 3352(1) 24(1) 
C(32) -502(2) 3276(1) -1309(1) 22(1) 
C(43) -2495(1) -1806(1) 451(1) 16(1) 
C(18) 4365(2) 3737(1) 3203(1) 17(1) 
C(9) 1948(2) -1186(1) 5030(1) 16(1) 
C(17) 3608(2) 2895(1) 3189(1) 17(1) 
C(21) 2331(2) 3079(1) 2099(1) 15(1) 
C(22) 5638(2) 3874(1) 3681(1) 20(1) 
C(23) 5582(2) 3828(1) 4536(1) 22(1) 
C(12) -474(2) -2740(1) 4306(1) 19(1) 
C(41) -3831(2) -3114(1) -221(1) 19(1) 
C(13) -1938(2) -2923(1) 4212(1) 29(1) 
C(30) -280(2) 2475(1) -268(1) 16(1) 
F(27) -183(1) -2595(1) 5059(1) 20(1) 
F(5) -2312(1) 1008(1) -1800(1) 22(1) 
F(10) 3867(1) 2374(1) 3702(1) 21(1) 
F(1) -2894(1) -3187(1) 973(1) 24(1) 
F(26) -1282(1) -2535(1) 2884(1) 25(1) 
F(38) 3672(1) -968(1) 4316(1) 27(1) 
F(34) 1948(1) -2045(1) 5185(1) 21(1) 
F(25) 2242(1) 269(1) 4256(1) 20(1) 
F(14) 3182(1) 6150(1) 2017(1) 25(1) 
F(9) 2636(1) 4476(1) 1650(1) 20(1) 
F(8) 738(1) 4009(1) -218(1) 27(1) 
F(2) -4390(1) -3979(1) -275(1) 25(1) 
F(23) 4531(1) 4031(1) 4736(1) 30(1) 
F(40) 3748(1) 58(1) 5261(1) 24(1) 
F(12) 2357(1) 5540(1) 2911(1) 25(1) 
F(11) 4979(1) 5657(1) 3501(1) 21(1) 
F(15) 4960(1) 5353(1) 1547(1) 26(1) 
F(16) 5798(1) 6525(1) 2342(1) 28(1) 
F(13) 3781(1) 6730(1) 3146(1) 28(1) 
F(18) 6368(1) 4689(1) 3643(1) 25(1) 
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F(4) -3698(1) -1301(1) -1357(1) 22(1) 
F(39) 4035(1) -1257(1) 5431(1) 30(1) 
F(6) -1730(1) 2536(1) -2410(1) 25(1) 
F(35) 362(1) -1042(1) 5807(1) 28(1) 
F(7) -241(1) 4020(1) -1635(1) 30(1) 
F(21) 7546(1) 3374(1) 3770(1) 30(1) 
F(3) -4827(1) -3038(1) -1403(1) 23(1) 
F(22) 6514(1) 4424(1) 4930(1) 29(1) 
F(36) 1501(1) 190(1) 5618(1) 29(1) 
F(17) 6423(1) 5264(1) 2381(1) 28(1) 
F(32) -2443(1) -3551(1) 3648(1) 41(1) 
F(24) 5671(1) 3018(1) 4722(1) 30(1) 
F(19) 6649(1) 3394(1) 2671(1) 33(1) 
F(37) 2243(1) -684(1) 6326(1) 35(1) 
F(20) 5975(1) 2343(1) 3303(1) 33(1) 
F(33) -2354(1) -2168(1) 4127(1) 36(1) 
F(31) -2332(1) -3212(1) 4824(1) 42(1) 
F(30) -184(1) -3835(1) 3310(1) 38(1) 
F(28) 1193(1) -3528(1) 4256(1) 38(1) 
F(29) -597(1) -4309(1) 4346(1) 40(1) 
O(3) -1666(1) 1224(1) 1819(1) 20(1) 
* U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table M.3 Bond lengths (Å) and angles (°) for [F40PcCo [4-3] (H2O)] *2(acetone) *toluene 
______________________________________________________________________________ 
Co(1)-N(1)  1.9225(13) 
Co(1)-N(3)  1.9241(13) 
Co(1)-N(2)  1.9257(13) 
Co(1)-N(4)  1.9271(13) 
Co(1)-O(3)  2.1688(12) 
 
C(2T)-C(3T)  1.378(3) 
C(2T)-C(1T)  1.389(3) 
C(1T)-C(6T)  1.392(3) 
C(1T)-C(7T)  1.506(3) 
C(5T)-C(4T)  1.380(4) 
C(5T)-C(6T)  1.388(4) 
C(4T)-C(3T)  1.384(3) 
C(2A)-O(1A)  1.207(2) 
C(2A)-C(3A)  1.484(3) 
C(2A)-C(1A)  1.485(3) 
C(5A)-O(2A)  1.222(2) 
C(5A)-C(6A)  1.494(3) 
C(5A)-C(4A)  1.497(3) 
N(2)-C(37)  1.371(2) 
N(2)-C(44)  1.379(2) 
N(3)-C(36)  1.367(2) 
N(3)-C(29)  1.382(2) 
N(1)-C(8)  1.371(2) 
N(1)-C(1)  1.3746(19) 
N(6)-C(37)  1.321(2) 
N(6)-C(36)  1.327(2) 
N(5)-C(44)  1.313(2) 
N(5)-C(8)  1.326(2) 
N(7)-C(29)  1.314(2) 
N(7)-C(28)  1.329(2) 
N(4)-C(28)  1.3679(19) 
N(4)-C(15)  1.375(2) 
N(8)-C(1)  1.316(2) 
N(8)-C(15)  1.319(2) 
C(8)-C(7)  1.449(2) 
C(4)-C(3)  1.391(2) 
C(4)-C(5)  1.443(2) 
C(4)-C(9)  1.543(2) 
C(15)-C(16)  1.449(2) 
C(3)-F(25)  1.3371(17) 
C(3)-C(2)  1.386(2) 
C(29)-C(30)  1.454(2) 
C(2)-C(7)  1.385(2) 
C(2)-C(1)  1.447(2) 
C(37)-C(38)  1.462(2) 
C(19)-C(20)  1.395(2) 
C(19)-C(18)  1.446(2) 
C(19)-C(25)  1.535(2) 
C(20)-F(9)  1.3377(18) 
C(20)-C(21)  1.391(2) 
C(16)-C(21)  1.386(2) 
C(16)-C(17)  1.387(2) 
C(6)-F(26)  1.3372(18) 
C(6)-C(7)  1.384(2) 
C(6)-C(5)  1.394(2) 
C(25)-F(11)  1.3776(18) 
C(25)-C(26)  1.557(2) 
C(25)-C(27)  1.583(2) 
C(44)-C(43)  1.454(2) 
C(36)-C(35)  1.454(2) 
C(28)-C(21)  1.455(2) 
C(31)-F(8)  1.332(2) 
C(31)-C(32)  1.385(2) 
C(31)-C(30)  1.390(2) 
C(40)-F(3)  1.3414(18) 
C(40)-C(39)  1.384(2) 
C(40)-C(41)  1.387(2) 
C(27)-F(13)  1.3266(19) 
C(27)-F(14)  1.3311(19) 
C(27)-F(12)  1.334(2) 
C(5)-C(12)  1.543(2) 
C(11)-F(35)  1.324(2) 
C(11)-F(37)  1.332(2) 
C(11)-F(36)  1.335(2) 
C(11)-C(9)  1.550(2) 
C(10)-F(38)  1.328(2) 
C(10)-F(40)  1.3300(19) 
C(10)-F(39)  1.3307(19) 
C(10)-C(9)  1.589(2) 
C(42)-F(1)  1.3308(19) 
C(42)-C(41)  1.388(2) 
C(42)-C(43)  1.388(2) 
C(38)-C(39)  1.385(2) 
C(38)-C(43)  1.397(2) 
C(34)-F(5)  1.3380(19) 
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C(34)-C(33)  1.384(2) 
C(34)-C(35)  1.388(2) 
C(26)-F(17)  1.325(2) 
C(26)-F(15)  1.3297(19) 
C(26)-F(16)  1.3338(19) 
C(33)-F(6)  1.3400(19) 
C(33)-C(32)  1.390(3) 
C(39)-F(4)  1.3344(19) 
C(14)-F(28)  1.323(2) 
C(14)-F(30)  1.325(2) 
C(14)-F(29)  1.333(2) 
C(14)-C(12)  1.556(2) 
C(35)-C(30)  1.400(2) 
C(24)-F(20)  1.320(2) 
C(24)-F(19)  1.332(2) 
C(24)-F(21)  1.334(2) 
C(24)-C(22)  1.568(2) 
C(32)-F(7)  1.3353(19) 
C(18)-C(17)  1.392(2) 
C(18)-C(22)  1.551(2) 
C(9)-F(34)  1.3635(17) 
C(17)-F(10)  1.3357(18) 
C(22)-F(18)  1.3619(18) 
C(22)-C(23)  1.575(2) 
C(23)-F(23)  1.326(2) 
C(23)-F(24)  1.328(2) 
C(23)-F(22)  1.3297(19) 
C(12)-F(27)  1.3632(18) 
C(12)-C(13)  1.582(2) 
C(41)-F(2)  1.3341(19) 
C(13)-F(32)  1.323(2) 
C(13)-F(33)  1.328(2) 
C(13)-F(31)  1.328(2) 
 
N(1)-Co(1)-N(3) 175.38(5) 
N(1)-Co(1)-N(2) 89.77(5) 
N(3)-Co(1)-N(2) 89.84(5) 
N(1)-Co(1)-N(4) 90.02(5) 
N(3)-Co(1)-N(4) 89.89(5) 
N(2)-Co(1)-N(4) 174.04(5) 
N(1)-Co(1)-O(3) 93.19(5) 
N(3)-Co(1)-O(3) 91.43(5) 
N(2)-Co(1)-O(3) 93.86(5) 
N(4)-Co(1)-O(3) 92.10(5) 
 
C(3T)-C(2T)-C(1T) 121.02(18) 
C(2T)-C(1T)-C(6T) 118.08(19) 
C(2T)-C(1T)-C(7T) 120.99(19) 
C(6T)-C(1T)-C(7T) 120.91(19) 
C(4T)-C(5T)-C(6T) 120.41(19) 
C(5T)-C(4T)-C(3T) 119.1(2) 
C(5T)-C(6T)-C(1T) 120.8(2) 
C(2T)-C(3T)-C(4T) 120.63(19) 
O(1A)-C(2A)-C(3A) 121.2(2) 
O(1A)-C(2A)-C(1A) 121.8(2) 
C(3A)-C(2A)-C(1A) 117.1(2) 
O(2A)-C(5A)-C(6A) 122.34(17) 
O(2A)-C(5A)-C(4A) 120.12(18) 
C(6A)-C(5A)-C(4A) 117.53(16) 
C(37)-N(2)-C(44) 107.66(12) 
C(37)-N(2)-Co(1) 126.29(10) 
C(44)-N(2)-Co(1) 126.05(10) 
C(36)-N(3)-C(29) 107.72(13) 
C(36)-N(3)-Co(1) 126.50(11) 
C(29)-N(3)-Co(1) 125.74(10) 
C(8)-N(1)-C(1) 107.82(12) 
C(8)-N(1)-Co(1) 126.18(10) 
C(1)-N(1)-Co(1) 125.93(10) 
C(37)-N(6)-C(36) 121.00(13) 
C(44)-N(5)-C(8) 120.79(13) 
C(29)-N(7)-C(28) 121.09(13) 
C(28)-N(4)-C(15) 107.83(13) 
C(28)-N(4)-Co(1) 126.15(10) 
C(15)-N(4)-Co(1) 126.00(10) 
C(1)-N(8)-C(15) 120.97(13) 
N(5)-C(8)-N(1) 128.30(14) 
N(5)-C(8)-C(7) 122.22(14) 
N(1)-C(8)-C(7) 109.41(13) 
C(3)-C(4)-C(5) 117.56(13) 
C(3)-C(4)-C(9) 116.11(13) 
C(5)-C(4)-C(9) 126.30(13) 
N(8)-C(15)-N(4) 128.28(14) 
N(8)-C(15)-C(16) 122.21(14) 
N(4)-C(15)-C(16) 109.48(13) 
F(25)-C(3)-C(2) 117.45(13) 
F(25)-C(3)-C(4) 119.53(13) 
C(2)-C(3)-C(4) 123.02(14) 
N(7)-C(29)-N(3) 128.29(14) 
N(7)-C(29)-C(30) 122.11(14) 
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N(3)-C(29)-C(30) 109.53(13) 
C(7)-C(2)-C(3) 119.34(14) 
C(7)-C(2)-C(1) 106.80(13) 
C(3)-C(2)-C(1) 133.86(14) 
N(6)-C(37)-N(2) 128.22(14) 
N(6)-C(37)-C(38) 121.92(14) 
N(2)-C(37)-C(38) 109.85(13) 
C(20)-C(19)-C(18) 117.90(14) 
C(20)-C(19)-C(25) 117.12(14) 
C(18)-C(19)-C(25) 124.73(14) 
F(9)-C(20)-C(21) 117.93(14) 
F(9)-C(20)-C(19) 119.47(13) 
C(21)-C(20)-C(19) 122.58(14) 
C(21)-C(16)-C(17) 119.90(14) 
C(21)-C(16)-C(15) 106.53(14) 
C(17)-C(16)-C(15) 133.44(14) 
F(26)-C(6)-C(7) 117.55(13) 
F(26)-C(6)-C(5) 119.43(13) 
C(7)-C(6)-C(5) 123.00(14) 
N(8)-C(1)-N(1) 128.57(14) 
N(8)-C(1)-C(2) 122.14(14) 
N(1)-C(1)-C(2) 109.28(13) 
F(11)-C(25)-C(19) 109.12(12) 
F(11)-C(25)-C(26) 107.82(13) 
C(19)-C(25)-C(26) 113.49(13) 
F(11)-C(25)-C(27) 101.29(12) 
C(19)-C(25)-C(27) 115.34(13) 
C(26)-C(25)-C(27) 108.85(13) 
N(5)-C(44)-N(2) 128.46(14) 
N(5)-C(44)-C(43) 121.84(14) 
N(2)-C(44)-C(43) 109.70(13) 
N(6)-C(36)-N(3) 128.10(14) 
N(6)-C(36)-C(35) 121.89(14) 
N(3)-C(36)-C(35) 110.01(13) 
N(7)-C(28)-N(4) 128.06(14) 
N(7)-C(28)-C(21) 122.50(14) 
N(4)-C(28)-C(21) 109.39(13) 
F(8)-C(31)-C(32) 119.26(14) 
F(8)-C(31)-C(30) 122.19(14) 
C(32)-C(31)-C(30) 118.54(15) 
F(3)-C(40)-C(39) 119.67(15) 
F(3)-C(40)-C(41) 118.91(15) 
C(39)-C(40)-C(41) 121.42(15) 
F(13)-C(27)-F(14) 106.95(13) 
F(13)-C(27)-F(12) 107.38(14) 
F(14)-C(27)-F(12) 108.37(14) 
F(13)-C(27)-C(25) 109.30(13) 
F(14)-C(27)-C(25) 113.77(14) 
F(12)-C(27)-C(25) 110.81(13) 
C(6)-C(5)-C(4) 117.66(13) 
C(6)-C(5)-C(12) 115.66(13) 
C(4)-C(5)-C(12) 126.55(13) 
F(35)-C(11)-F(37) 107.97(14) 
F(35)-C(11)-F(36) 107.23(14) 
F(37)-C(11)-F(36) 108.31(13) 
F(35)-C(11)-C(9) 111.48(13) 
F(37)-C(11)-C(9) 110.34(14) 
F(36)-C(11)-C(9) 111.36(13) 
F(38)-C(10)-F(40) 109.23(13) 
F(38)-C(10)-F(39) 107.65(14) 
F(40)-C(10)-F(39) 106.17(13) 
F(38)-C(10)-C(9) 110.68(13) 
F(40)-C(10)-C(9) 114.00(14) 
F(39)-C(10)-C(9) 108.84(13) 
F(1)-C(42)-C(41) 119.11(14) 
F(1)-C(42)-C(43) 122.81(14) 
C(41)-C(42)-C(43) 118.07(15) 
C(39)-C(38)-C(43) 120.43(14) 
C(39)-C(38)-C(37) 133.43(14) 
C(43)-C(38)-C(37) 106.14(13) 
F(5)-C(34)-C(33) 118.62(14) 
F(5)-C(34)-C(35) 122.65(14) 
C(33)-C(34)-C(35) 118.72(15) 
F(17)-C(26)-F(15) 107.83(14) 
F(17)-C(26)-F(16) 108.07(14) 
F(15)-C(26)-F(16) 108.50(13) 
F(17)-C(26)-C(25) 111.79(13) 
F(15)-C(26)-C(25) 110.24(13) 
F(16)-C(26)-C(25) 110.29(13) 
F(6)-C(33)-C(34) 119.63(15) 
F(6)-C(33)-C(32) 119.31(15) 
C(34)-C(33)-C(32) 121.06(15) 
C(6)-C(7)-C(2) 119.12(14) 
C(6)-C(7)-C(8) 134.20(14) 
C(2)-C(7)-C(8) 106.65(13) 
F(4)-C(39)-C(40) 118.92(14) 
F(4)-C(39)-C(38) 122.82(14) 
C(40)-C(39)-C(38) 118.26(15) 
F(28)-C(14)-F(30) 107.64(17) 
F(28)-C(14)-F(29) 107.91(15) 
F(30)-C(14)-F(29) 108.38(15) 
F(28)-C(14)-C(12) 110.60(14) 
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F(30)-C(14)-C(12) 112.37(14) 
F(29)-C(14)-C(12) 109.80(16) 
C(34)-C(35)-C(30) 120.26(15) 
C(34)-C(35)-C(36) 133.36(15) 
C(30)-C(35)-C(36) 106.37(13) 
F(20)-C(24)-F(19) 107.73(15) 
F(20)-C(24)-F(21) 108.27(14) 
F(19)-C(24)-F(21) 108.00(15) 
F(20)-C(24)-C(22) 115.64(14) 
F(19)-C(24)-C(22) 108.18(14) 
F(21)-C(24)-C(22) 108.79(14) 
F(7)-C(32)-C(31) 120.20(16) 
F(7)-C(32)-C(33) 119.12(15) 
C(31)-C(32)-C(33) 120.67(15) 
C(42)-C(43)-C(38) 121.08(14) 
C(42)-C(43)-C(44) 132.30(15) 
C(38)-C(43)-C(44) 106.62(13) 
C(17)-C(18)-C(19) 117.28(14) 
C(17)-C(18)-C(22) 114.99(14) 
C(19)-C(18)-C(22) 127.15(14) 
F(34)-C(9)-C(4) 110.85(12) 
F(34)-C(9)-C(11) 106.62(12) 
C(4)-C(9)-C(11) 112.44(13) 
F(34)-C(9)-C(10) 101.86(12) 
C(4)-C(9)-C(10) 114.52(13) 
C(11)-C(9)-C(10) 109.78(13) 
F(10)-C(17)-C(16) 118.49(13) 
F(10)-C(17)-C(18) 119.06(14) 
C(16)-C(17)-C(18) 122.40(14) 
C(16)-C(21)-C(20) 118.74(14) 
C(16)-C(21)-C(28) 106.66(13) 
C(20)-C(21)-C(28) 134.59(15) 
F(18)-C(22)-C(18) 112.60(13) 
F(18)-C(22)-C(24) 100.64(13) 
C(18)-C(22)-C(24) 111.11(13) 
F(18)-C(22)-C(23) 105.31(13) 
C(18)-C(22)-C(23) 115.30(14) 
C(24)-C(22)-C(23) 110.78(13) 
F(23)-C(23)-F(24) 108.39(14) 
F(23)-C(23)-F(22) 108.10(14) 
F(24)-C(23)-F(22) 107.40(14) 
F(23)-C(23)-C(22) 110.29(14) 
F(24)-C(23)-C(22) 112.77(14) 
F(22)-C(23)-C(22) 109.75(14) 
F(27)-C(12)-C(5) 110.86(12) 
F(27)-C(12)-C(14) 105.22(13) 
C(5)-C(12)-C(14) 112.78(14) 
F(27)-C(12)-C(13) 102.69(13) 
C(5)-C(12)-C(13) 114.21(13) 
C(14)-C(12)-C(13) 110.25(14) 
F(2)-C(41)-C(40) 119.41(14) 
F(2)-C(41)-C(42) 119.94(15) 
C(40)-C(41)-C(42) 120.64(15) 
F(32)-C(13)-F(33) 108.98(15) 
F(32)-C(13)-F(31) 107.13(14) 
F(33)-C(13)-F(31) 107.68(18) 
F(32)-C(13)-C(12) 113.16(17) 
F(33)-C(13)-C(12) 110.92(14) 
F(31)-C(13)-C(12) 108.76(14) 
C(31)-C(30)-C(35) 120.74(15) 
C(31)-C(30)-C(29) 132.85(15) 
C(35)-C(30)-C(29) 106.37(13) 
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Symmetry transformations used to generate equivalent atoms. 
 
Table M.4 Anisotropic displacement parameters (Å
2 
x 10
3
) for [F40PcCo [4-3] (H2O)] 
*2(acetone) *toluene
*
 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
Co(1) 11(1)  11(1) 13(1)  3(1) 0(1)  0(1) 
C(2T) 17(1)  33(1) 27(1)  5(1) 3(1)  8(1) 
C(1T) 19(1)  33(1) 36(1)  9(1) 8(1)  7(1) 
C(5T) 28(1)  76(2) 26(1)  -9(1) 1(1)  23(1) 
C(4T) 22(1)  45(1) 48(1)  -16(1) 7(1)  7(1) 
C(6T) 32(1)  60(1) 33(1)  20(1) 14(1)  24(1) 
C(3T) 23(1)  30(1) 44(1)  5(1) 13(1)  9(1) 
C(7T) 37(1)  33(1) 72(2)  11(1) 7(1)  0(1) 
C(2A) 27(1)  23(1) 22(1)  -2(1) -3(1)  -7(1) 
C(3A) 81(2)  27(1) 32(1)  5(1) 2(1)  -7(1) 
C(1A) 36(1)  47(1) 54(1)  -13(1) -14(1)  11(1) 
O(1A) 47(1)  34(1) 41(1)  -4(1) 17(1)  -13(1) 
C(5A) 21(1)  25(1) 28(1)  -1(1) 10(1)  1(1) 
C(4A) 38(1)  28(1) 24(1)  4(1) 5(1)  -5(1) 
C(6A) 28(1)  36(1) 32(1)  3(1) 1(1)  3(1) 
O(2A) 32(1)  24(1) 40(1)  -5(1) 13(1)  1(1) 
N(2) 13(1)  14(1) 15(1)  2(1) 1(1)  1(1) 
N(3) 11(1)  15(1) 17(1)  2(1) 3(1)  2(1) 
N(1) 12(1)  12(1) 16(1)  2(1) 1(1)  0(1) 
N(6) 13(1)  17(1) 16(1)  2(1) 2(1)  3(1) 
N(5) 14(1)  14(1) 16(1)  2(1) 1(1)  0(1) 
N(7) 14(1)  15(1) 17(1)  4(1) 3(1)  2(1) 
N(4) 14(1)  12(1) 16(1)  4(1) 2(1)  1(1) 
N(8) 14(1)  13(1) 17(1)  2(1) 1(1)  0(1) 
C(8) 14(1)  12(1) 17(1)  3(1) 2(1)  1(1) 
C(4) 13(1)  14(1) 15(1)  1(1) 0(1)  2(1) 
C(15) 12(1)  13(1) 18(1)  1(1) 2(1)  1(1) 
C(3) 13(1)  13(1) 17(1)  1(1) 0(1)  -1(1) 
C(29) 13(1)  15(1) 19(1)  6(1) 4(1)  4(1) 
C(2) 14(1)  11(1) 18(1)  2(1) 2(1)  1(1) 
C(37) 10(1)  17(1) 16(1)  1(1) 2(1)  3(1) 
C(19) 16(1)  13(1) 20(1)  3(1) 3(1)  -1(1) 
C(20) 17(1)  13(1) 19(1)  4(1) 3(1)  2(1) 
C(16) 14(1)  13(1) 19(1)  2(1) 3(1)  0(1) 
C(6) 16(1)  13(1) 19(1)  2(1) 0(1)  -2(1) 
C(1) 13(1)  14(1) 16(1)  2(1) 1(1)  1(1) 
C(25) 18(1)  14(1) 19(1)  3(1) 1(1)  0(1) 
C(44) 10(1)  14(1) 18(1)  1(1) 2(1)  0(1) 
C(36) 12(1)  18(1) 16(1)  3(1) 3(1)  4(1) 
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C(28) 13(1)  12(1) 19(1)  2(1) 4(1)  1(1) 
C(31) 17(1)  19(1) 24(1)  7(1) 3(1)  2(1) 
C(40) 12(1)  24(1) 18(1)  -5(1) 0(1)  1(1) 
C(27) 23(1)  16(1) 24(1)  4(1) 2(1)  1(1) 
C(5) 16(1)  11(1) 19(1)  3(1) 2(1)  0(1) 
C(11) 23(1)  21(1) 17(1)  1(1) 0(1)  -1(1) 
C(10) 16(1)  21(1) 24(1)  6(1) -2(1)  2(1) 
C(42) 16(1)  16(1) 19(1)  2(1) 2(1)  0(1) 
C(38) 12(1)  16(1) 18(1)  1(1) 3(1)  2(1) 
C(34) 15(1)  21(1) 18(1)  4(1) 2(1)  5(1) 
C(26) 22(1)  17(1) 23(1)  3(1) 2(1)  -2(1) 
C(33) 21(1)  28(1) 16(1)  7(1) 2(1)  10(1) 
C(7) 14(1)  13(1) 16(1)  1(1) 1(1)  1(1) 
C(39) 13(1)  23(1) 16(1)  1(1) 2(1)  4(1) 
C(14) 42(1)  15(1) 24(1)  4(1) 0(1)  2(1) 
C(35) 13(1)  19(1) 18(1)  4(1) 4(1)  4(1) 
C(24) 18(1)  25(1) 29(1)  5(1) 0(1)  3(1) 
C(32) 22(1)  21(1) 26(1)  13(1) 6(1)  5(1) 
C(43) 11(1)  18(1) 17(1)  0(1) 1(1)  1(1) 
C(18) 15(1)  16(1) 19(1)  2(1) 1(1)  0(1) 
C(9) 16(1)  13(1) 18(1)  3(1) -2(1)  0(1) 
C(17) 16(1)  15(1) 19(1)  4(1) 1(1)  2(1) 
C(21) 13(1)  14(1) 18(1)  2(1) 3(1)  1(1) 
C(22) 16(1)  14(1) 25(1)  4(1) -1(1)  -2(1) 
C(23) 18(1)  21(1) 26(1)  1(1) -1(1)  1(1) 
C(12) 22(1)  15(1) 18(1)  5(1) -2(1)  -3(1) 
C(41) 15(1)  17(1) 23(1)  -2(1) 4(1)  -2(1) 
C(13) 22(1)  32(1) 30(1)  16(1) -4(1)  -10(1) 
C(30) 14(1)  18(1) 19(1)  5(1) 3(1)  4(1) 
F(27) 23(1)  20(1) 16(1)  6(1) 0(1)  -3(1) 
F(5) 23(1)  23(1) 18(1)  2(1) -2(1)  4(1) 
F(10) 22(1)  16(1) 23(1)  8(1) -6(1)  -2(1) 
F(1) 28(1)  17(1) 23(1)  5(1) -1(1)  -4(1) 
F(26) 30(1)  16(1) 22(1)  6(1) -9(1)  -11(1) 
F(38) 18(1)  33(1) 29(1)  4(1) 5(1)  2(1) 
F(34) 21(1)  16(1) 25(1)  8(1) -3(1)  2(1) 
F(25) 20(1)  14(1) 22(1)  4(1) -6(1)  -6(1) 
F(14) 30(1)  20(1) 25(1)  7(1) -1(1)  5(1) 
F(9) 22(1)  14(1) 23(1)  7(1) -2(1)  -1(1) 
F(8) 29(1)  19(1) 29(1)  10(1) -3(1)  -4(1) 
F(2) 25(1)  16(1) 28(1)  -3(1) 0(1)  -6(1) 
F(23) 23(1)  36(1) 29(1)  -1(1) 4(1)  6(1) 
F(40) 20(1)  22(1) 27(1)  5(1) -6(1)  -4(1) 
F(12) 22(1)  24(1) 33(1)  7(1) 7(1)  5(1) 
F(11) 23(1)  18(1) 20(1)  1(1) -2(1)  -1(1) 
F(15) 26(1)  27(1) 22(1)  2(1) 4(1)  -2(1) 
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F(16) 32(1)  17(1) 33(1)  5(1) 6(1)  -7(1) 
F(13) 34(1)  16(1) 32(1)  -1(1) -1(1)  6(1) 
F(18) 18(1)  18(1) 37(1)  8(1) -3(1)  -5(1) 
F(4) 21(1)  27(1) 16(1)  3(1) -3(1)  3(1) 
F(39) 19(1)  30(1) 40(1)  13(1) -7(1)  3(1) 
F(6) 31(1)  30(1) 17(1)  9(1) 0(1)  11(1) 
F(35) 28(1)  26(1) 29(1)  -2(1) 12(1)  -1(1) 
F(7) 38(1)  25(1) 29(1)  17(1) 1(1)  3(1) 
F(21) 18(1)  37(1) 35(1)  5(1) -2(1)  8(1) 
F(3) 17(1)  28(1) 19(1)  -7(1) -3(1)  -2(1) 
F(22) 25(1)  28(1) 29(1)  -3(1) -6(1)  -2(1) 
F(36) 38(1)  17(1) 29(1)  -2(1) 8(1)  1(1) 
F(17) 20(1)  31(1) 33(1)  8(1) 6(1)  3(1) 
F(32) 38(1)  34(1) 39(1)  17(1) -16(1)  -22(1) 
F(24) 35(1)  24(1) 29(1)  8(1) -5(1)  3(1) 
F(19) 27(1)  46(1) 27(1)  5(1) 5(1)  9(1) 
F(37) 39(1)  43(1) 16(1)  1(1) -6(1)  1(1) 
F(20) 31(1)  22(1) 47(1)  -1(1) 6(1)  6(1) 
F(33) 19(1)  43(1) 48(1)  20(1) 3(1)  4(1) 
F(31) 24(1)  59(1) 40(1)  28(1) 2(1)  -11(1) 
F(30) 67(1)  19(1) 25(1)  -1(1) 2(1)  5(1) 
F(28) 43(1)  27(1) 44(1)  1(1) 0(1)  16(1) 
F(29) 66(1)  15(1) 38(1)  11(1) 4(1)  -1(1) 
O(3) 18(1)  22(1) 20(1)  3(1) 2(1)  5(1) 
* The anisotropic displacement factor exponent takes the form: -2π
2
[ h
2
a*
2
U
11
 + ... + 2 h k a
*
 b
*
 
U
12
] 
 424 
 
Table M.5 Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2
 x 10
3
) for 
[F40PcCo [4-3] (H2O)] *2(acetone) *toluene 
                                           x                      y                      z                    U(eq) 
H(2T) 7379 2444 1088 30 
H(5T) 5283 1965 -1304 51 
H(4T) 5279 755 -622 48 
H(6T) 6321 3413 -792 45 
H(3T) 6333 1008 579 37 
H(7T1) 7267 4193 1005 71 
H(7T2) 7485 4448 194 71 
H(7T3) 8496 4030 655 71 
H(3A1) 6179 8359 2636 74 
H(3A2) 4776 8440 2731 74 
H(3A3) 5861 8896 3380 74 
H(1A1) 5217 10789 2458 72 
H(1A2) 4972 10364 3206 72 
H(1A3) 4113 9944 2445 72 
H(4A1) 252 4127 4043 48 
H(4A2) 1351 4345 3540 48 
H(4A3) 1177 3437 3918 48 
H(6A1) -1018 3526 2027 49 
H(6A2) 241 4252 2257 49 
H(6A3) -956 4359 2664 49 
H(2W) -2273 1187 1496 30 
H(1W) -1360(20) 1581(15) 2195(11) 40(7) 
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APPENDIX N 
 
CRYSTAL STRUCTURE PARAMETERS OF NMe2F51PcCo [4-6] 
 
Tables N.1 to N.5 list the atomic coordinates and crystallographic parameters for NMe2F51PcCo 
[4-6]. 
 
Table N.1 Crystal data and structure refinement for [NMe2F51PcCo [4-6] (H2O)] *1/2 H2O *1/2 
CH3CN *1/4 C2H5OH 
Empirical formula  C53.50H12CoF51N9.50O1.75 
Formula weight  1843.15 
Temperature  173(2) K 
Wavelength  0.49594 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 11.496(2) Å α = 90° 
 b = 27.486(5) Å β = 92.349(4)° 
 c = 20.633(4) Å γ = 90° 
Volume 6514(2) Å
3
 
Z 4 
Density (calculated) 1.880 g/cm
3
 
Absorption coefficient 0.248 mm
-1
 
F(000) 3598 
Crystal size 0.02x 0.03 x 0.03 mm
3
 
Theta range for data collection 1.24 to 11.93° 
Index ranges -9<=h<=9, -22<=k<=22, -17<=l<=17 
Reflections collected 15166 
Independent reflections 3805 [R(int) = 0.1351] 
Completeness to theta = 11.93° 96.2 %  
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 3805 / 144 / 413 
Goodness-of-fit on F
2
 1.048 
Final R indices [I>2sigma(I)] R1 = 0.0999, wR2 = 0.2355 
R indices (all data) R1 = 0.1709, wR2 = 0.2751 
Extinction coefficient 0.0004(6) 
Largest diff. peak and hole 0.567 and -0.451 e.Å
-3
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Table N.2 Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å
2
 x 
10
3
) for [NMe2F51PcCo [4-6] (H2O)] *1/2 H2O *1/2 CH3CN *1/4 C2H5OH
*
 
 x y z U(eq) 
Co 6836(2) 5005(1) 4530(1) 40(1) 
N(1) 6694(19) 4498(7) 8276(10) 78(6) 
N(2) 5917(13) 5598(5) 4471(8) 39(5) 
N(3) 6940(12) 5004(5) 3604(8) 32(4) 
N(4) 7686(12) 4396(5) 4600(8) 33(4) 
N(5) 6604(13) 4972(5) 5423(8) 38(4) 
N(6) 5987(12) 5759(5) 3307(8) 35(4) 
N(7) 8081(13) 4293(6) 3459(9) 43(5) 
N(8) 7770(13) 4263(5) 5735(9) 41(5) 
N(9) 5476(13) 5704(5) 5580(8) 36(4) 
O(1) 8442(12) 5409(4) 4684(7) 57(5) 
C(1) 7060(30) 4767(10) 8813(16) 109(10) 
C(2) 6830(20) 3969(9) 8352(13) 92(9) 
C(3) 6508(18) 4714(7) 7675(12) 44(6) 
C(4) 5874(18) 5140(7) 7600(12) 51(6) 
C(5) 5649(16) 5377(7) 7026(10) 36(6) 
C(6) 6036(16) 5168(7) 6479(11) 38(6) 
C(7) 6706(17) 4730(7) 6516(12) 46(6) 
C(8) 6944(17) 4550(7) 7107(11) 38(6) 
C(9) 5986(16) 5308(7) 5789(10) 33(5) 
C(10) 7068(17) 4638(7) 5852(11) 40(6) 
C(11) 8051(17) 4164(7) 5153(11) 41(6) 
C(12) 8209(15) 4165(6) 4086(10) 29(5) 
C(13) 8948(16) 3784(7) 4340(10) 37(6) 
C(14) 8889(15) 3784(6) 5011(10) 26(5) 
C(15) 9570(18) 3475(7) 5358(12) 45(6) 
C(16) 10396(18) 3166(7) 5063(11) 48(6) 
C(17) 10445(18) 3171(7) 4372(12) 50(6) 
C(18) 9726(18) 3494(7) 4058(12) 52(6) 
C(19) 11258(19) 2936(8) 5564(11) 57(7) 
C(20) 11712(6) 3210(2) 6198(4) 72(8) 
F(48) 11759(8) 3683(3) 6082(4) 73(4) 
F(49) 12764(9) 3050(3) 6372(4) 92(5) 
F(50) 10994(8) 3128(3) 6671(4) 66(4) 
C(21) 10761(6) 2398(2) 5771(4) 78(8) 
F(45) 10568(8) 2133(3) 5245(5) 68(4) 
F(46) 9781(8) 2452(3) 6073(5) 66(4) 
F(47) 11537(9) 2180(3) 6159(5) 93(5) 
C(22) 11268(18) 2858(7) 3946(11) 50(6) 
C(23) 10613(6) 2593(2) 3341(4) 65(7) 
F(37) 9512(8) 2535(3) 3462(4) 70(4) 
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F(38) 11090(8) 2168(3) 3248(4) 76(4) 
F(39) 10702(7) 2861(3) 2821(4) 66(4) 
C(24) 12336(6) 3168(2) 3739(4) 70(7) 
F(40) 12998(7) 2904(3) 3379(5) 82(4) 
F(41) 12933(7) 3312(3) 4256(5) 64(4) 
F(42) 11965(7) 3547(3) 3410(5) 76(4) 
C(25) 7496(15) 4684(6) 3242(10) 28(5) 
C(26) 6595(16) 5359(7) 3217(10) 32(5) 
C(27) 6903(16) 5248(7) 2527(10) 35(6) 
C(28) 7445(16) 4810(6) 2554(10) 34(6) 
C(29) 7874(16) 4601(7) 2012(11) 37(6) 
C(30) 7784(17) 4829(7) 1417(11) 44(6) 
C(31) 7350(17) 5305(7) 1388(11) 45(6) 
C(32) 6834(16) 5475(7) 1936(10) 34(6) 
C(33) 7398(17) 5667(7) 818(11) 47(6) 
C(34) 7942(6) 6192(2) 1038(4) 72(8) 
F(20) 8563(8) 6141(2) 1580(5) 66(4) 
F(21) 7095(8) 6500(3) 1126(5) 66(4) 
F(22) 8603(8) 6356(3) 585(5) 81(4) 
C(35) 6281(7) 5727(3) 393(4) 71(7) 
F(24) 5430(7) 5858(4) 753(5) 69(4) 
F(25) 6022(7) 5315(4) 109(5) 94(5) 
F(26) 6441(7) 6059(4) -46(5) 106(5) 
C(36) 8196(19) 4512(8) 848(12) 58(7) 
C(37) 9520(6) 4483(3) 777(4) 96(9) 
F(28) 9933(6) 4919(4) 688(6) 87(4) 
F(29) 9746(6) 4210(4) 280(6) 100(5) 
F(51) 10006(6) 4296(4) 1302(6) 84(4) 
C(38) 7608(7) 3965(3) 803(4) 125(11) 
F(30) 6652(9) 3961(3) 1123(6) 88(4) 
F(31) 8337(9) 3647(3) 1054(6) 92(5) 
F(32) 7368(9) 3856(3) 197(6) 97(5) 
C(39) 5728(15) 5853(6) 3881(11) 31(5) 
C(40) 5434(16) 5838(7) 4985(11) 41(6) 
C(41) 4918(15) 6288(6) 4729(10) 29(5) 
C(42) 5103(15) 6296(6) 4081(10) 25(5) 
C(43) 4621(17) 6720(7) 3741(11) 43(6) 
C(44) 4118(16) 7101(7) 4001(11) 40(6) 
C(45) 4116(15) 7118(6) 4699(10) 32(5) 
C(46) 4445(16) 6690(7) 5018(11) 37(6) 
C(47) 3820(18) 7557(7) 5123(11) 50(6) 
C(48) 4811(6) 7679(2) 5692(4) 55(7) 
F(5) 5833(7) 7549(3) 5498(4) 62(4) 
F(6) 4579(7) 7441(3) 6219(4) 66(4) 
F(7) 4811(7) 8146(3) 5812(4) 73(4) 
C(49) 2604(6) 7557(2) 5396(4) 66(7) 
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F(13A) 2486(6) 7176(3) 5770(5) 67(4) 
F(11A) 1820(6) 7541(4) 4917(5) 75(4) 
F(9A) 2461(6) 7954(3) 5735(5) 65(4) 
C(50) 3608(17) 7468(7) 3516(11) 48(6) 
C(51) 4573(6) 7846(2) 3261(4) 77(8) 
F(14) 5062(7) 8076(3) 3755(5) 74(4) 
F(15) 4066(7) 8161(3) 2867(5) 74(4) 
F(16) 5365(8) 7607(3) 2955(5) 74(4) 
C(52) 2815(6) 7263(3) 2938(4) 72(8) 
F(17) 2365(8) 6840(3) 3108(4) 72(4) 
F(18) 3450(8) 7202(3) 2421(4) 77(4) 
F(19) 1962(8) 7576(3) 2798(4) 82(4) 
F(1) 7628(9) 4145(4) 7145(6) 59(4) 
F(2) 5342(11) 5337(4) 8142(7) 77(4) 
F(3) 4973(9) 5772(4) 7020(6) 50(3) 
F(4) 4380(9) 6666(4) 5676(6) 54(3) 
F(11) 3930(9) 7968(4) 4759(6) 55(3) 
F(12) 4724(9) 6680(4) 3080(6) 56(3) 
F(13) 2835(10) 7763(4) 3834(6) 58(4) 
F(23) 8268(10) 5523(4) 425(6) 64(4) 
F(27) 7771(11) 4696(4) 270(7) 77(4) 
F(33) 6344(9) 5930(4) 1916(5) 45(3) 
F(34) 8337(9) 4147(4) 2059(5) 49(3) 
F(35) 9703(9) 3490(4) 3383(6) 60(4) 
F(36) 9436(9) 3465(4) 5989(6) 50(3) 
F(43) 11696(9) 2477(4) 4297(6) 55(3) 
F(44) 12296(10) 2827(4) 5281(6) 61(4) 
O(3) 9910(20) 5525(9) 3522(14) 50(8) 
C(1S) 10840(30) 4598(12) 3590(30) 98(13) 
C(2S) 10750(40) 4518(16) 2820(20) 153(18) 
N(1S) 10970(30) 4579(12) 4060(20) 46(11) 
O(1S) 10360(40) 4925(16) 4070(20) 17(12) 
*
 U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table N.3 Bond lengths (Å) and angles (°) for [NMe2F51PcCo [4-6] (H2O)] *1/2 H2O *1/2 
CH3CN *1/4 C2H5OH 
Co-N(5)  1.875(16) 
Co-N(3)  1.919(16) 
Co-N(4)  1.942(15) 
Co-N(2)  1.943(15) 
Co-O(1)  2.166(14) 
 
N(1)-C(3)  1.38(3) 
N(1)-C(1)  1.39(3) 
N(1)-C(2)  1.47(3) 
N(2)-C(40)  1.39(2) 
N(2)-C(39)  1.41(2) 
N(3)-C(26)  1.31(2) 
N(3)-C(25)  1.333(19) 
N(4)-C(11)  1.36(2) 
N(4)-C(12)  1.39(2) 
N(5)-C(10)  1.37(2) 
N(5)-C(9)  1.40(2) 
N(6)-C(39)  1.26(2) 
N(6)-C(26)  1.32(2) 
N(7)-C(25)  1.34(2) 
N(7)-C(12)  1.34(2) 
N(8)-C(11)  1.29(2) 
N(8)-C(10)  1.34(2) 
N(9)-C(40)  1.28(2) 
N(9)-C(9)  1.30(2) 
C(3)-C(8)  1.37(3) 
C(3)-C(4)  1.38(3) 
C(4)-C(5)  1.37(3) 
C(5)-C(6)  1.36(2) 
C(6)-C(7)  1.43(2) 
C(6)-C(9)  1.47(3) 
C(7)-C(8)  1.33(3) 
C(7)-C(10)  1.47(3) 
C(11)-C(14)  1.46(2) 
C(12)-C(13)  1.43(2) 
C(13)-C(18)  1.35(2) 
C(13)-C(14)  1.39(2) 
C(14)-C(15)  1.34(2) 
C(15)-C(16)  1.43(2) 
C(16)-C(17)  1.43(3) 
C(16)-C(19)  1.54(3) 
C(17)-C(18)  1.36(3) 
C(17)-C(22)  1.57(3) 
C(19)-C(20)  1.58(2) 
C(19)-C(21)  1.65(2) 
C(22)-C(24)  1.57(2) 
C(22)-C(23)  1.60(2) 
C(25)-C(28)  1.46(3) 
C(26)-C(27)  1.51(3) 
C(27)-C(28)  1.36(2) 
C(27)-C(32)  1.37(2) 
C(28)-C(29)  1.37(2) 
C(29)-C(30)  1.38(3) 
C(30)-C(31)  1.40(2) 
C(30)-C(36)  1.55(3) 
C(31)-C(32)  1.38(2) 
C(31)-C(33)  1.54(3) 
C(33)-C(35)  1.53(2) 
C(33)-C(34)  1.63(2) 
C(36)-C(37)  1.54(2) 
C(36)-C(38)  1.65(2) 
C(39)-C(42)  1.48(2) 
C(40)-C(41)  1.46(3) 
C(41)-C(42)  1.36(2) 
C(41)-C(46)  1.38(2) 
C(42)-C(43)  1.46(2) 
C(43)-C(44)  1.32(2) 
C(44)-C(45)  1.44(3) 
C(44)-C(50)  1.52(3) 
C(45)-C(46)  1.39(2) 
C(45)-C(47)  1.54(3) 
C(47)-C(49)  1.53(2) 
C(47)-C(48)  1.64(2) 
C(50)-C(52)  1.58(2) 
C(50)-C(51)  1.624(19) 
C(1S)-N(1S)  0.97(5) 
C(1S)-O(1S)  1.46(6) 
C(1S)-C(2S)  1.60(6) 
 
N(5)-Co-N(3) 174.6(7) 
N(5)-Co-N(4) 88.7(7) 
N(3)-Co-N(4) 91.1(7) 
N(5)-Co-N(2) 90.2(7) 
N(3)-Co-N(2) 89.7(7) 
N(4)-Co-N(2) 177.2(6) 
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N(5)-Co-O(1) 92.0(6) 
N(3)-Co-O(1) 93.4(6) 
N(4)-Co-O(1) 90.5(6) 
N(2)-Co-O(1) 92.2(6) 
 
C(3)-N(1)-C(1) 121(2) 
C(3)-N(1)-C(2) 122.1(19) 
C(1)-N(1)-C(2) 114(2) 
C(40)-N(2)-C(39) 111.8(16) 
C(40)-N(2)-Co 125.8(14) 
C(39)-N(2)-Co 122.3(12) 
C(26)-N(3)-C(25) 106.8(16) 
C(26)-N(3)-Co 125.1(13) 
C(25)-N(3)-Co 127.6(13) 
C(11)-N(4)-C(12) 107.3(16) 
C(11)-N(4)-Co 127.1(13) 
C(12)-N(4)-Co 124.6(13) 
C(10)-N(5)-C(9) 106.6(16) 
C(10)-N(5)-Co 126.9(13) 
C(9)-N(5)-Co 126.4(13) 
C(39)-N(6)-C(26) 116.8(18) 
C(25)-N(7)-C(12) 124.5(16) 
C(11)-N(8)-C(10) 120.6(18) 
C(40)-N(9)-C(9) 123.8(17) 
C(8)-C(3)-N(1) 125(2) 
C(8)-C(3)-C(4) 113(2) 
N(1)-C(3)-C(4) 122(2) 
C(5)-C(4)-C(3) 125(2) 
C(6)-C(5)-C(4) 117.5(19) 
C(5)-C(6)-C(7) 120(2) 
C(5)-C(6)-C(9) 133.8(18) 
C(7)-C(6)-C(9) 105.7(17) 
C(8)-C(7)-C(6) 116.7(19) 
C(8)-C(7)-C(10) 137(2) 
C(6)-C(7)-C(10) 105.5(19) 
C(7)-C(8)-C(3) 126(2) 
N(9)-C(9)-N(5) 127.0(18) 
N(9)-C(9)-C(6) 122.5(17) 
N(5)-C(9)-C(6) 110.4(16) 
N(8)-C(10)-N(5) 128.5(19) 
N(8)-C(10)-C(7) 119.8(19) 
N(5)-C(10)-C(7) 111.7(17) 
N(8)-C(11)-N(4) 127.3(18) 
N(8)-C(11)-C(14) 122(2) 
N(4)-C(11)-C(14) 110.5(18) 
N(7)-C(12)-N(4) 125.5(17) 
N(7)-C(12)-C(13) 125.7(17) 
N(4)-C(12)-C(13) 108.8(18) 
C(18)-C(13)-C(14) 119(2) 
C(18)-C(13)-C(12) 132(2) 
C(14)-C(13)-C(12) 108.2(17) 
C(15)-C(14)-C(13) 118.7(18) 
C(15)-C(14)-C(11) 136(2) 
C(13)-C(14)-C(11) 105.1(18) 
C(14)-C(15)-C(16) 122(2) 
C(17)-C(16)-C(15) 118(2) 
C(17)-C(16)-C(19) 128.6(18) 
C(15)-C(16)-C(19) 112(2) 
C(18)-C(17)-C(16) 115.7(19) 
C(18)-C(17)-C(22) 117(2) 
C(16)-C(17)-C(22) 127(2) 
C(13)-C(18)-C(17) 126(2) 
C(16)-C(19)-C(20) 122.9(16) 
C(16)-C(19)-C(21) 108.8(16) 
C(20)-C(19)-C(21) 108.7(14) 
C(24)-C(22)-C(17) 110.5(14) 
C(24)-C(22)-C(23) 112.5(13) 
C(17)-C(22)-C(23) 114.1(15) 
N(3)-C(25)-N(7) 126.1(19) 
N(3)-C(25)-C(28) 112.8(16) 
N(7)-C(25)-C(28) 121.0(17) 
N(3)-C(26)-N(6) 133.0(18) 
N(3)-C(26)-C(27) 110.2(16) 
N(6)-C(26)-C(27) 116.5(18) 
C(28)-C(27)-C(32) 116.8(18) 
C(28)-C(27)-C(26) 105.4(18) 
C(32)-C(27)-C(26) 137.7(18) 
C(27)-C(28)-C(29) 121(2) 
C(27)-C(28)-C(25) 104.5(17) 
C(29)-C(28)-C(25) 134.0(18) 
C(28)-C(29)-C(30) 121.5(18) 
C(29)-C(30)-C(31) 118.4(19) 
C(29)-C(30)-C(36) 113.9(18) 
C(31)-C(30)-C(36) 128(2) 
C(32)-C(31)-C(30) 116.5(19) 
C(32)-C(31)-C(33) 115.9(17) 
C(30)-C(31)-C(33) 127.6(18) 
C(27)-C(32)-C(31) 124.4(18) 
C(35)-C(33)-C(31) 116.7(15) 
C(35)-C(33)-C(34) 111.5(13) 
C(31)-C(33)-C(34) 112.5(16) 
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C(37)-C(36)-C(30) 115.8(17) 
C(37)-C(36)-C(38) 110.7(13) 
C(30)-C(36)-C(38) 114.6(14) 
N(6)-C(39)-N(2) 132.3(17) 
N(6)-C(39)-C(42) 124.5(18) 
N(2)-C(39)-C(42) 103.2(16) 
N(9)-C(40)-N(2) 126.7(18) 
N(9)-C(40)-C(41) 126.1(18) 
N(2)-C(40)-C(41) 107.2(18) 
C(42)-C(41)-C(46) 119.5(18) 
C(42)-C(41)-C(40) 106.9(16) 
C(46)-C(41)-C(40) 133.1(19) 
C(41)-C(42)-C(43) 114.4(16) 
C(41)-C(42)-C(39) 110.9(17) 
C(43)-C(42)-C(39) 134.7(18) 
C(44)-C(43)-C(42) 127(2) 
C(43)-C(44)-C(45) 116.6(19) 
C(43)-C(44)-C(50) 115(2) 
C(45)-C(44)-C(50) 128.4(17) 
C(46)-C(45)-C(44) 115.8(17) 
C(46)-C(45)-C(47) 117.1(18) 
C(44)-C(45)-C(47) 127.1(17) 
C(41)-C(46)-C(45) 125.2(19) 
C(49)-C(47)-C(45) 115.9(15) 
C(49)-C(47)-C(48) 110.9(13) 
C(45)-C(47)-C(48) 113.9(15) 
C(44)-C(50)-C(52) 117.2(15) 
C(44)-C(50)-C(51) 112.9(15) 
C(52)-C(50)-C(51) 111.4(13) 
N(1S)-C(1S)-O(1S) 54(3) 
N(1S)-C(1S)-C(2S) 168(5) 
O(1S)-C(1S)-C(2S) 138(4)  
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Table N.4 Anisotropic displacement parameters (Å
2
 x 10
3
) for [NMe2F51PcCo [4-6] (H2O)] *1/2 
H2O *1/2 CH3CN *1/4 C2H5OH 
 U
11
 U
22
  U
33
 U
23
 U
13
 U
12
 
Co 59(2)  32(2) 30(2)  -1(2) 17(2)  4(2) 
N(1) 138(17)  49(12) 45(15)  -5(12) -12(13)  -1(12) 
O(1) 76(11)  42(9) 54(12)  16(8) 18(9)  -11(8) 
* The anisotropic displacement factor exponent takes the form: -2π
2
[ h
2
 a*
2
U
11
 + ...  + 2 h k a* 
b* U
12
] 
 
Table N.5 Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2
x 10
3
) for 
[NMe2F51PcCo [4-6] (H2O)] *1/2 H2O *1/2 CH3CN *1/4 C2H5OH 
                                           x                       y                     z                     U(eq) 
H(2) 8736 5470 4327 85 
H(1) 9062 5390 4966 85 
H(1A) 7269 5097 8677 164 
H(1B) 7749 4611 9022 164 
H(1C) 6439 4783 9121 164 
H(2A) 6293 3802 8044 138 
H(2B) 6652 3875 8795 138 
H(2C) 7631 3876 8266 138 
H(3A) 10034 5318 3130 75 
H(3B) 9578 5786 3745 75 
H(1S1) 10621 4277 3759 116 
H(1S2) 11680 4630 3683 116 
H(2S1) 11537 4529 2650 230 
H(2S2) 10275 4775 2619 230 
H(2S3) 10400 4201 2724 230 
H(1S) 10399 5213 3934 25 
 
 
 
